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SUMMARY

A durability and damage tolerance data base for aluminum casting alloys

A357-T6 and A201-T7 was developed. AMS material specifications for premium

quality aluminum castings issued in 1996 were selected for use during the

program. The specifications included new alloy designations, which were used

throughout this final report. The designations are D357 (AMS 4241) and B201

(AMS 4242).

A new ultrasonic NDI method called Frequency Attenuation Inflection

(FAI) was evaluated to determine the type and amount of defects in D357 and

B201 aluminum castings. Results were compared with standard X-ray radiography

and microstructural data. The effects of surface roughness, material

thickness, and nonparallel surfaces on the FAI results were determined.

An in-service low frequency eddy-current method was evaluated for

detecting the presence of cracks under fasteners in D357 and B201

substructures through aluminum face sheets of varying thickness. Both

titanium and steel fasteners were used.

Relationships among chemical composition, heat treatment, solidification

rate, microstructure, and mechanical properties of the premium quality casting

alloys D357-T6 and B201-T7 were investigated. Tensile, notched tensile, and

fatigue life properties, as well as microstructural features, were determined

as a function of solidification rate, aging treatment, and alloy composition.

Multiple regression analyses were conducted to determine correlations among

the process variables and mechanical properties. Sr (silicon modifier) and Ag

had the most significant effect on the properties of D357-T6 and B201-T7,

respectively.

Specifications for both alloys were developed and a durability and

damage tolerance (DADT) property data base for D357-T6 and B201-T7 cast plates

produced by three commercial foundries was obtained. Tensile, fatigue, anH

fracture toughness properties were determined and microstructural and
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fractographic evaluations were performed. The fatigue data (stress-life and

crack growth rate) were used to calculate an equivalent initial flaw size for

both alloys to assess the applicability of current military DADT

specifications to castings. The DADT property data base was used as a

baseline to assess the effect of defects (D357-T6) and nonoptimum

microstructure (D357-T6 and B201-T7) on mechanical properties.

Four large, complex aerospace castings (wing pylons) were produced and

tested to confirm that the data base developed for cast plates can be applied

to large aircraft castings.

Where required, modifications to existing specifications (material and

DADT) were recommended based on the program results.

A revised version of AMS 4241 specification (D357) for use in the

manufacture of durability and damage tolerance aircraft components was

submitted to the Society of Automotive Engineers. If approved, this will be a

new specification for DADT applications.
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SECTION 1

INTRODUCTION

The use of castings for aircraft applications offers the potential for

significant cost and weight savings compared with built-up structures.

Recurring cost reductions greater than 30 percent are possible through reduced

machining and assembly costs. Weight savings can be achieved, for example, by

eliminating lap joints and fasteners. A reduction in fastener holes decreases

the number of potential flaw initiation sites. Castings also allow greater

shape flexibility compared with built-up structures.

Castings are not currently used in fatigue-critical aircraft structure

because of the inability to accurately inspect thick sections, and a lack of

durability and damage tolerance (DADT) data and design allowables that take

into account the effects of inherent casting discontinuities and

microstructural features on DADT properties. The absence of the required DADT

data for castings precludes compliance with the current military DADT

specifications, MIL-A-83444 and MIL-A-87221. As a result, it is not possible

to take advantage of the inherent cost and weight savings of castings for

fatigue-critical aircraft applications.

The goals of the "Durability and Damage Tolerance of Aluminum Castings"

(DADTAC) program were to (1) investigate a nondestructive inspection (NDT)

technique that has the potential for providing a quantitative assessment of

the discontinuities present in aluminum castings, (2) identify the process

variables and discontinuities that influence the DADT properties,

(3) characterize the DADT properties of the aluminum casting alloys A357 and

A201, and (4) recommend revisions to material, process, and DADT

specifications.

The alloys evaluated in the DADTAC program were required to meet the

tensile properties and composition of AMS specifications 4241 [1) (D357) and

4242 [2] (B201), respectively, though a requirement for a silicon modifier was

added to AMS 4241. Therefore, A357 and A201 are referred to as D357 and B201,

respectively, throughout this final report, per the AMIS specifications.
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The program results and conclusions are described in Sections 4 through

12. Data are summarized as averages where possible to simplify their

presentation. The individual test results are included in Appendices A-I for

those readers who wish to analyze the results in more detail. The recommended

specification revisions for D357 and B201 are described in detail in

Appendices J and K, respectively. Appendix L includes the hydrogen gas

content of failed fatigue specimens. The hydrogen gas measurements were

obtained by Wright Laboratory for specimens tested in Phase I, Task 3.
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SECTION 2

OBJECTIVE

The overall objective of the DADTAC program was to generate durability

and damage tolerance data for premium quality aluminum castings arid advance

foundry technology to expedite the use of these castings in primary aLrcraft

structures.
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SECTION 3

PROGRAM APPROACH

The DADTAC program, which consists of three phases, is summarized in

Figure 1. A brief description of the technical activities associated with

each phase is provided below.

3.1 PHASE I DADT OF ALUMINUM CASTINGS QUALITY ASSESSMENT

3.1.1 Task 1 NDI Assessment

A state-of-the-art NDI method for determining the soundness of the cast

plates and components tested during the program was evaluated in conjunction

with the program NDI consultant, Dr. L. Adler of Ohio State Uahiversity. The

objective was to establish more accurate information of the size, location,

and types of discontinuities in the test castings than is currently available

using conventional radiographic methods.

3.1.2 Task 2 - Alloy Characterization

Concurrent with Task 1, the effects of process variables on the

durability and damage tolerance (DADT) properties of D357-T6 and B201-T7 were

assessed. Screening tests were conducted to identify the process variables

that provided the optimum balance of tensile and DADT properties for each of

the two alloys. Additional castings were then made using the process

variables that provided the optimum properties, and their DADT properties were

comprehensively characterized. This material became the baseline for the

technical effort during the remainder of the program.

3.1.3 Task 3 - Effects of I fects on DADT Pro-perties

The effects of discontinuities and metallurgical features

(microstructure) on the DADT properties of D357-T6 were detcrmined. Because

emphasis during the program was on D357-T6, only the effect of microstructure

on propertios was determined for B201-T7.
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3.1.4 Task 4 - Applicability of DADT Specifications to Aluminum Casting-s

The applicability of the MIL-A-83444 and MIL-A-87221 specifications to

D357-T6 and B201-T7 aluminum castings was assessed, based on the data

generated in Tasks 1-3.

3.2 PHASE II - DADT OF ALUMINUM CASTINGS QUALITY VERIFICATION

During Phase II, the DADT properties obtained during Phase I, Task 2

were confirmed by testing specimens excised from D357 aircraft castings.

After considering several existing castings, an inboard F-5 wing pylon was

chosen. Four castings of the selected design were produced based on the

processing and material specification guidelines from Phase I, and were then

subjected to NDI and DADT property evaluations. The results were compared

with those obtained during Phase I to ensure that the process requirements can

be scaled-up from small cast plates to a large aircraft casting.

In addition, cast plates were produced from which specially-designed

element test specimens were excised to assess the durability and damage

tolerance characteristics of D357. Test results were compared with

analytically-derived life predictions using Phase I test data.

3.3 PHASE III - DADTAC PROGRAM DATA CONSOLIDATION

In Phase III, the results of Phases I and II were consolidated.

Revisions to material and process specifications were recommended for premium

quality aluminum castings for primary aircraft structure. A D357-T6

specification for durability and damage tolerance applications was submitted

to the Society of Automotive Engineers for review and approval as an AMS

specification. Modifications to existing damage tolerance specifications,

such as MIL-A-83444 and MIL-A-87221, were also investigated. MIL-A-87221

replaced MTL-A-83444.

7



SECTION 4

PHASE I, TASK I - NDI ASSESSMENT

4.1 INTRODUCTION

The objectives of this task were (1) to select and evaluate the most

promising nondestructive inspection (NDI) method for detecting and quantifying

casting defects, and (2) to evaluate an eddy current technique for detecting

the presence of cracks similar to those sometimes found in aircraft

substructure.

To implement castings in fatigue critical applications, defects in cast

components must be detected and quantified to assure acceptable durability.

Inspection of castings for internal defects has conventionally been

accomplished by X-ray radiography. However, conventional radiography

sensitivity is limited to detecting defects that are greater than about one

percent of the part thickness. As part thickness increases, the minimum

detectable flaw size increases and small flaws may not be detected. With

these limitations, defects that may be detrimental to mechanical properties

may remain undetected in thicker sections. Current Air Force-sponsored

research in computer tomography and backscatter imaging tomography (BIT) has

significantly advanced the ability to radiographically evaluate thick

castings. Defect detection and sizing capabilities are greatly improved. BIT

is especially important for the NDI of thick structures, in which resolution

of near-surface defects are critical. However, these methods will be neither

cost-effective nor applicable for a foundry environment.

NDI methods were considered with a view to selecting an alternate or

complementary method to radiography that would allow both qualitative and

quantitative assessment of defects in castings that are thicker than about

0.75 inch. An ultrasonic technique nained Frequency Attenuation Inflection

(FAI) was chosen because of the promising results shown during initial

evaluations by Northrop before commencing the ccntract activities. The FAI

technique was developed by Dr. L. Adler [3] at Ohio State University (OSU) and
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tailored for this program through a cooperative effort between Dr. Adler and

Northrop NDI personnel.

The DADTAC contract evaluations included testing D357 and B201 cast

plates that contained a range of typical casting defects. A total of 34 D357

and B201 plates in two thicknesses were cast (1.25 inch and 3.0 inch). Each

plate was inspected using both standard X-ray radiography with a one percent

sensitivity and ultrasonic C-scan methods. Six of the 34 plates that

contained representative amounts and types of casting defects were then

selected, based on the radiographic and C-scan results, for a detailed NDI

analysis. The detailed analysis consisted of inspecting the six plates using

the FAI technique, followed by slicing the as-cast plates into thinner plates

and reinspecting the slices using radiography, C-scans, and the FAT method.

Microstructural analyses of the defects using image analysis were also

conducted to determine the type and amount of defects present. The results of

the microstructural and NDI analyses were then compared to assess the accuracy

of the FAI technique compared with the conventional methods for detecting

defects in castings. The effects of surface roughness and nonparallel.

surfaces on the defect detection sensitivity of the FAI technique were also

determined. Cast surfaces are often not flat or parallel, and the effect of

these conditions on defect detection capabilities must be evaluated. In

addition, welding defects were intentionally produced in two otherwise defect-

free plates and were evaluated by X-ray, C-scan, and FAI methods.

In the second portion of Task 1, an eddy current technique for detecting

cracks emanating from fastener holes was evaluated. Cracks originating from

fastener holes are the most common in-service flaws and can be difficult to

detect without removing the fasteners. The eddy current method was developed

for wrought material structures by Northrop under an Air Force contract

(F33615-81-C-5100) entitled "Manufacturing Technology for Advanced Second

Layer NDE System." The approach in the current program was to prepare

simulated component substructures from D3]7 and B201 with fatigue-induced

cracks of different lengths emanating from holes. Face sheets of 7075-T6 of

three different thicknesses were fastened to the pre-cracked subcomponents

using steel or titanium fasteners, and the eddy current technique was used to

detect the presence of the cracks. The two types of fasteners were used

10



because steel (magnetic) and titanium (nonmagnetic) roquire the use of

different probes and different crack detection evaluation methods. Both the

location and the magnitude of the cracks were determined, The results were

compared with the known location and dimensions of the fatigue-induced cracks.

4.2 NDI METHODS

4.2.1 FAI Technigue

The equipment used for the FAI evaluations consisted of an ultrasonic

transducer mounted on a traveling bridge assembly. Ultrasonic pulse signals

were transmitted through water to the casting and were reflected back to the

transducer and monitored by a computer. The time delays in signal

transmission/reception and the changes in the signal characteristics were then

analyzed using the computer to give the pore size and overall average percent

porosity in the area under the transducer.

Figure 2 is a block diagram that illustrates the FAI system. The

computer digitized and stored the ultrasonic waveforms and performed the

defect parameter calculations. A transducer and pulser/receiver with usable

bandwidths between 2 and 20 megahertz were used to generate ultrasonic pulses.

Both the front and back surface echoes were digitized and stored using a

Tektronix transient digitizer. Waveforms were digitized with a temporal

resolution of less than 2 nanoseconds between points. Control over gating and

gain was exercised by the computer. The distance from the transducer to the

front surface of the plates and the specimen thickness were determined by the

computer from the time delays required in gi,-ing. Waveforms were time-

averaged to reduce noise. A correlation routine was used to remove the

effects of electrical and mechanical jitter during waveform averagin. -.

this routine, the shift in time between waveforms due to jitter was determined

before the waveforms were averaged. Waveforms were then shifted by the

appropriate time delay and averaged.
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The frequency spectrums of the front and back surface waveforms were

calculated using a fast Fourier transform algorithm. Figure 3 shows typical

front and back surface echoes and their resulting frequency spectra. The

spectrum of the back surface signal is deconvolved by the spectrum of the

front surface signal. Attenuation coefficients, with appropriate corrections

for all geometric losses, are obtained for the selected frequency range. The

inflection or turning point in the attenuation versus frequency plot is used

to determine the average pore size and volume fraction in the cylindrical

volume sampled by the transducer. Inflection occurs at the intersection of

the low frequency and high frequency scattering parameters and is dependent on

pore size.

For isotropic materials, a fairly sharp peak in the derivative of the

attenuation versus frequency curve is predicted by theory and observed in

experiment [4]. This peak occurs for aluminum at an average pore radius R (in

cm) of

R - 0.108/fp Eq. 4-1

where fp is the frequency in megahertz at which the peak occurs, and 0.108 is

a factor accounting for the effective size of a pore and Poisson's ratio.

The average percent porosity, C, was determined by masuring the

attenuation at fp, and calculated using the following equation [4]:

C - 122 . op R Eq. 4-2

where ap is the attenuation in nepers/cm at fp, R is the average pore radius

in cm, and 122 is a factor which is related to the average cross section of a

pore and to Poisson's rafio. The mathematical assumptions made in developing

the FAI technique were based on the assumption that the defects are spherical

voids.

The equations for R and C (Eqs. 4-1 and 4-2, respectively) do not

account for multiple scattering of the ultrasonic waves by the pores, which

makes the equations accurate only for relatively low levels of porosity (<6

percent). This is a common assumption in calculations of this type [5]. The
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amount of porosity found in cast materials is usually less than 6 percent: (see

Table 21), indicating that this assumption is unlikely to introduce a large

error in calculating the percent porosity and pore radius.

An attenuation correction factor due to scattering of the ultrasonic

waves from grain boundaries was not included in the preceding calculations due

to its relatively minor effect on ultrasonic scattering compared to that

caused by porosity. However, during the course of the program a lower limit

for percent porosity of 0.2 percent was determined experimentally for the FAI

technique due to grain boundary effects. Below 0.2 percent porosity, the

attenuation of ultrasound due to grain boundary scattering approaches that due

to the porosity.

4.2.2 ULtrasonic C-Scan

A block diagram of the ultrasonic C-scan system used for casting

evaluations is shown in Figure 4. A DEC PDP 11/23 computer was used for data

acquisition and storage, and for control of the transducer mounted on the

bridge assembly. A Gould image processor was used to manipulate the data and

then present them on a monitor.

A pulse/echo arrangement with a 0.5-inch-diameter, 10-MHz, center

frequency ultrasonic transducer and 5.9-inch focal distance was used for the

C-scans. Specimens were scanned using a point-to-point resolution of 0.04

inch. The peak magnitude of the back surface echo was digitized to 12 bits

resolution. Attenuation levels of the resulting C-scans were displayed on a

monitor in eight bit gray scale for analysis.

4.2.3 Radiography

Radiographs achieving a one percent sensitivity were taken of the

defect-containing plates both by the foundries and a Northrop-approved X-ray

laboratory and were evaluated according to ASTM specification E155.
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4.2.4 Eddy Current Technique

The material combinations used for the in-service inspection

investigation are shown in Figure 5, and a schematic of the eddy current probe

test equipment is shown in Figure 6. Three thicknesses of /075-T6 face sheets

were used in conjunction with both D357-T6 and B201-T7 substructure. A total

of five different crack lengths were produced in 0.25-inch.. and 0.75-inch-

thick D357 and B201 fatigue specimens by constant amplitude fatigue loading.

Both steel and titanium fasteners were used in the evaluations to determine

their effect on crack detection capability.

Two multisegment eddy current probes capable of detecting flaws in both

the first and second layers of bolted aluminum structures were used in these

investigations. A sketch depicting the differences between the two probes is

shown in Figure 7, and a photograph of the simulated face sheet, substructure

(fatigue specimen), and the probe used with the steel fastener is shown in

Figure 8. The probes consist of a central drive coil and an outer ring

segmented into 16 separate sensing coils. The drive coil generates an eddy

current which encircles the fastener and penetrates the face sheet and

underlying substructure. Cracks initiating at substructure fastener holes

cause a perturbation of the eddy current and are detected as a change in the

open circuit voltage of the sensing coils. The crack length and location can

be determined simultaneously without moving the probe or removing the

fastener.

A graphical representation of a low frequency eddy current probe

response to substructure fastener hole cracks is shown in Figure 9. The two

peaks on the graph indicate that the substructure contained two cracks located

at positions number 6 and 14. The predicted crack lengths were 0.24 inch and

0.26 inch long, and are similar to the optical measurements of 0.227 inch and

0.257 inch. The derived crack lengths were determined from the output of the

eddy current probe (in millivolts), using an empirically determined conversion

factor, which depends upon the thickness of the face sheet and substructure,

as well as the face sheet, substructure, and fastener materials.

Determination of the conversion factor for different applicatiol, conducted

through an evaluation of a standard which incorporates a known crack length

and the same material types and thickness as those to be inspected.
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Substructure B201

Thickness (in.) Substructure
0.25 Thickness (in.)
0.75 0.25

Figure 5. Combinations of Face Sheet, Fasteners, and
Substructure Used for In-Service Eddy Current
Inspection
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Figure 8. Multisegment Eddy Current rrobe
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4.3 DEFECT-CONTAINING PlATES FOR FAI METHOD EVALUATIONS

Thirty-four cast plates that contained gas porosity, gas holes,

shrinkage porosity, shrinkage sponge, cold shuts, and less-dense and more-

dense foreign material were cast specifically for this task by Alcoa (D357)

and Hitchcock Industries (B201). The alloys, defect types, and plate

thicknesses are listed in Table 1. All plates were 6 x 6.x 1.25 Inch or 3

inch thick. Two defect-free plates were also cast for evaluation of' weldiLng

defects (lack of penetration, lack of fusion, porosity, and cracks).

The gas defects were produced by intentionally not degassing the melt.,

pouring at a higher than normal melt temperature, adding ammonium chloride

wrapped in aluminum foil to the melt, or blowing argon gas into the mold

during pouring. Shrinkage defects were produced by nonoptimum chill and riser

placement. The cold shut was produced by interrupting the pour. Less-dense

foreign material was introduced into the casting by overagitating the melt to

capture aluminum oxide in the molten aluninum, by pouring the melt into the

risers instead of the pouring cup, or by removing all filters and screens from

the runner system. The more-dense foreign material defects were obtained by

introducing tungsten and iron filings into the melt during pouring.

The weld defects, lack of penetration and fusion, porosity, and cracks,

were produced by using non-standard GTA welding procedures. Dirty electrodes

were used, the surfaces of the castings were not cleaned, plates were

improperly heated, and the weld grooves were intentionally not filled.

4.4 RESULTS AND DISCUSSTON

The defect-containing plates used for the FAI evaluations were initially

screened using X-ray radiography and C-scans. The objective of the screening

process was to identify six plates that provided a selection of

alloy/defect/plate thickness combinations for detailed FAI evaluation. The

six plates that were selected are described in Table 2 and were selected

because (1) the defects were well-dispersed, (2) they offered a comparison of

the defect detection capability for different plate thicknesses, and (3) ill

some cases more than one grade (B, C) was available for a given defect.
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TABLE I., DEFECT TYPES AND PLATE THICKNESS OF D357
AND B201 DEFECT-CONTAINING PLATES

PLATE THICKNESS( 2 )(IN)

DEFECT GRADE(I) D357 B201

1.25 3.0 1.25

Gas Holes B X( 3 ) x x

Gas Porosity B X X X
C x

Shrinkage Cavity B X X X
C X X X

Shrinkage Sponge B X X X
C X X X

Less Dense
Foreign Material B X X X

C X X X

More Dense

Foreign lfaterial B X X X

Cold Shut B X X X

Segregation B X

Weld Repair Defect B X X

(1) According to MIL-A-2175
(2) All plates were 6 x 6 x the indicated thickness
(3) 'X' indicates the plates that were produced
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TABLE 2. DEFECT PLATES SELECTED FOR FAI EVALUATION

ALLOY THICKNESS DEFECT TARGET
(INCH) GRADE

B201 1.25 Shrinkage Sponge B
1.25 Less Dense Foreign C

D357 3.0 Gas Porosity B

1.25 Gas Porosity B
3.0 Less Dense Foreign B

3.0 Shrinkage Sponge B
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The six plates were initially evaluated by Dr. Adler at Ohio State University

(OSU) and then by Northrop to determine if similar results could be obtained.

All six plates were initially evaluated with sandblasted surfaces, which

represented an as-cast or finished casting surface. Both surfaces of each

plate were then machined smooth and the evaluation was repeated to determine

the effect of surface roughness on the FAI results. The plates were cut into

slices, which were then evaluated. A comparison was made between the results

for the thinner slices and those for the full-thickness plates. The slices

had machined surfaces.

After completing the FAI evaluation on the slices, areas of several

plates were selected for microstructural characterization to provide a

comparison between the results obtained microstructurally and those predicted

from the FAI analysis. In addition, FAI results for plates with nonparallel

sides were obtained because many castings have complex shapes.

For the in-service eddy current inspection effort, fatigue cracks were

initiated at fastener holes in D357 and B201 specimens. Face sheets of three

thicknesses of 7075-T6 were installed over the precracked substructure using

steel or titanium fasteners. The effectiveness of the eddy current method for

qualitatively and quantitatively detecting the presence of the cracks was

evaluated.

The results from the evaluations outlined above are discussed in the

following subsections.

4.4.1 FAI Evaluation of the Full-Thickness Plates

Prior to conducting the FAI tests, a grid consisting of nine 2 x 2-inch

squares was marked on one surface of each plate and each square was identified

with a number from 1 to 9. Both Ohio State University (Dr. Adler) and

Northrop obtained measurements at the center of each of the nine squares using

a 0.5-inch-diameter probe, so that the data from the two sources could be

compared. The results are shown in Tables 3 and 4, which include the pore

radius and average percent porojity data for sandblasted and machined (smooth)

surfaces, respectively.
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TABLE 3. FAI PORE RADIUS DATA FOR DEFECT-CONTAINING PLATES

AVERAGE PORE RADIUS* (pm)

OHIO STATE
NORTHROP UNIVERSITY

DEFECT/ GRADE/
ALLOY THICKNESS

SAND- SAND-
BLASTED MACHINED BLASTED MACHINED

Shrinkage Grade B/ 79 79 77 65
Sponge/ 3 inches
D357

Shrinkage Grade B/ 151 139 140 119
Sponge/ 1.25 inch
B201

Gas Grade B/ 163 151 147 133
Porosity/ 3 inches
D357

Gas Grade B/ 134 130 116 101
Porosity/ 1.25 inch
D357

Less-Dense Grade C/ 67 67 61 52
Foreign 1.25 inch
Material./
B201

Less-Dense Grade B/ 60 70 ** **

Foreign 3 inches
Material/
D357

* Average of nine areas per plate
** None detected

27



TABLE 4. FAI PERCENT POROSITY DATA FOR DEFECT-CONTAINING FLATES

AVERAGE POROSITY* (%)

OHIO STATE
NORTHROP UNIVERSITY

DEFECT/ GRADE/
ALLOY THICKNESS

SAND- SAND-
BLASTED MACHINED BLASTED MACHINED

Shrinkage Grade B/ 0.3 0.3 0.3 0.3
Sponge/ 3 inches
D357

Shrinkage Grade B/ 1.4 1.5 1.6 1.3
Sponge/ 1.25 inch
B201

Gas Grade B/ 0.7 0.6 0.7 0.6
Porosity/ 3 inches
D357

Gas Grade B/ 1.3 1.3 1.1 1.1
Porosity/ 1.25 inch
D357

Less-Dense Grade C/ 0.4 0.2 0.4 0.4
Foreign 1.25 inch
Material/
B201

Less-Dense Grade B/ 0.2 0.1 ** **

Foreign 3 inches
Material/
D357

* Average of nine areas per plate

** None detected

28



Because the plates were relatively thick, an accurate radiographic

assessment of defect content and grade could not be made, particularly for the

3-inch-thick plates. The grades shown in Tables 3 and 4 were those that were

targeted for each plate.

The reEults of the joint evaluations by Northrop and Ohio State

University (OSU) show that the pore radius and percent porosity data were

within experimental scatter for both sandblasted and machined surfaces.

Therefore, it was concluded that the FAI technology developed at OSU by Dr.

Adler had been duplicated in Northrop's NDI Research Laboratory.

The differences in the average pore radius and percent porosity results

for the sandblasted and machined surfaces were smell. The overall trend

indicated a slightly lower value for the machined surfaces than for those that

were sandblasted, which is in good agreement with analytical predictions

derived at OSU [4].

The average RMS roughness values for the sandblasted and machined plate

surfaces were 210 and 62 microinches, respectively. The increased roughress

of the sandblasted surfaces provided a higher value for pore radius and

percent porosity because of increased ultrasonic wave scattering compared with

the machined surface. However, a compensation factor could be developed to

minimize the discrepancy. This can be accomplished by assuming a GCcussian

distribution of the R4S surface roughness, which can be determined by

mechanical or ultrasonic means. By fitting the spectral attenuation of -he

front surface echo to an analytical equation, the attenuation of: the back

surface echo can be calculated. A complete derivation and explanation of the

effects of surface roughness on ultrasonic attenuation can be found in

Reference 4.

The FAI evaluations of the plates that contained less-dense foreign

material did not indicate increased ultrasonic scattering due to the presence

of foreign material. The data represent low background levels of other

discontinuities, such as porosity. There was no difference between these

measurements and those obtained for squares in the same plate that did not

contain foreign material. This result was not unexpected since the FAI method
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was derived from a model which assumed the defects to be unfilled spherical

pores. All defect size predictions are based on this assumption.

Unfortunately, the interaction of ultrasound with less-dense foreign material

is significantly different from its interaction with a void or gas-filled

pore. Thus, a different defect model is required to size foreign material.

Foreign material can be detected using ultrasound but an extended feasibility

study (such as that in Reference 3) is necessary to establish the

detectability of different foreign materials depending on size and

concentration,

4.4.2 Correlation Between FAI Results for Plates and Slices

After evaluating the six 1.25 inch and the 3.0 inch thick plates, they

were cut into slices, each of which was about 0.6 inch thick. Two slices were

obtained from the 1.25 inch thick plates and four or five were obtained from

the 3.0 inch thick plates. All slices were 6 x 6 inches in area. The

surfaces of the slices were machined parallel and were marked with the same

2 x 2-inch-square grid pattern that was used for the plates so that the NDI

evaluations of the slices coincided exactly with those for the whole plates.

Therefore, it was possible to provide e defect map of the thick plates from

the data for the slices, which allowed a determination of the effect of

thickness on the FAI results to be made. Some material was lost due to saw

cuts and machining, which represented about 15 percent of the original plate

thickness.

Each slice was individually X-rayed by an independent laboratory that

serves the casting community to determine if the soundness and the defect

content were as expected and in agreement with the data obtained for the

thicker plates. X-ray radiography is subject to defect detection limitations

for 1.25-inch-thick material, even using a one percent sensitivity, and would

detect only the very largest defects in 3-inch-thick material.

The FAI data (Northrop) for the plates and slices, summarized in Table

5, are the average percent porosity and pore radius values for the nine

squares in each plate and corresponding slices. The results for the three

types of defects shown in Table 5 are discussed seperately below.
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TABLE 5. CORRELATION BETWEEN FAI DATA FOR PLATES AND SLICES

PERCENT POROSITY PORE RADIUS (Mm)

DEFECT PLATE
GRADE/ALLOY THICKNESS

(INCH) PLATE(l) SLICES( 2 ) PLATE( 1 ) SLICES( 2 )

Gas Porosity
Grade B/D357 3 0.6 1.4 151 93

Grade B/D357 1.25 1.3 1.6 130 105

Shrinkage Sponge

Grade B/D357(J) 3 0.3 0.3 79 73

Grade B/B201 1.25 1.5 2.3 139 94

Foreign Material
Grade B/D357 3 0.1 0.1 70 10

Grade C/B201 1.25 0.2 0.2 67 38

(1) Machined surfaces - Northrop data
(2) All the slices were approximately 0.6 inch thick

(3) Plate was supposed to contain shrinkage sponge, but actually
contained gas porosity
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Gas Porosity Plates. X-ray radiography of the slices cut from each of

,he two gas porosity plates (3 inches and 1.25 inches thick) showed that the

overall plate soundness grades were similar to those of the slices. Fifty-

four individual 2 x 2-inch squares were graded. Of these, 36 squares were

Grade B gas porosity; the remaining 18 squares were Grade C gas porosity.

Twelve of the Grade C squares were in the 3-inch-thick plate.

There was a significant difference between the FAI results for the 3-

inch-thick plate and corresponding slices. The average percent porosity and

pore radius for the plate and slices was 0.6 percent and 1.4 percent, and 150

Mm and 93 pm, respectively. For the 1.25-inch-thick plate, the differential

between the plate and slice data was much less, i.e. 1.3 percent versus 1.6

percent, respectively, for the percent porosity and 129 pm versus 105 pm for

pore radius, respectively. These differences probably result from the

nonuniform distribution of defects and/or the dynamic range of the system, as

discussed below.

Porosity assessment by FAI is based on assuming an even porosity

distribution, i.e., the pore radius and the percent porosity should be the

same at different depths. Since this is often not the case, the overall

parameters represent an average, which is calculated from the overall

ultrasonic attenuation. Therefore, the mutual effect of the percent porosity

and pore radius on. each other should be taken into consideration. For

example, for a given pore radius, a higher percent porosity should be weighted

more in the overall average pore radius than a lower percent porosity because

the contribution to the total attenuation is higher. Similarly, for a given

percent porosity, the contribution of smaller pores should be weighted more in

the overall average percent porosity. For the data shown in Table 5 this

mutual interaction was neglected aid both volume fractions and pore radii were

averaged independently of the other parameter. The averages of the thin

slices were compared to the overall values for the original thick plates to

determine the effect of thickness on the FAI results.

The dynamic range of the system influences the ability to accurately

determine the percent porosity and pore radius. Whenever the attenuation

exceeds the dynamic range of the system, the resulting measured attenuation
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value is saturated, and the actual attenuation is underestimated. This occurs

mainly in thick samples, and can be recognized from the detected signal.

Attenuation saturation plays an important role in the FAI method by setting

the limit for accurate measurement and indicating the need to increase the

dynamic range of the system by spatial averaging, increasing the resolution of

the system, or refinement of data reduction methods.

The dynamic range of the equipment used in the current work was 60 dB.

The data for all the pla 3s and slices were reanalyzed, taking the dynamic

range into consideration (Table 6). For the total data base (54 square6) only'

57 percent and 52 percent of the pore radius and the percent porosity values,

respectively, of the plates were essentially the same as those for the slices.

For those areas for which the attenuation was below the dynamic range of the

equipment (<60 dB), the agreement between plate and slice data improved

significantly, i.e., to 91 percent and 85 percent for the pote radius and the

percent porosity, respectively. By increasing the dynamic range of the

system, the discrepancies between the data for the thick plates and the slices

can be significantly reduced. A dynamic range increase to 120 dB, which is

reasonably achievable using a different instrumentation approach, will allow

accurate measurements for a 3-inch-thick casting with porosity concentrations

above about one percent.

Shrinkage Sponge Plates. The shrinkage sponge defect intended to be

included in the 3-inch-thick D357 plate was not substantiated by an evaluation

of the slices, which indicated that the plate contained mainly gas porosity.

Radiography of the 3-inch-thick plate was inconclusive regarding

identification of defect type and level. Five slices were obtained from t:his

plate, providing 45 squares for FAI evaluation. The top 4 slices were graded

by X-ray radiography as Grade B gas porosity. Some Grade B, C, and D foreign

material was found in the bottom slice.

The 1.25-inch-thick B201 plate showed a much stronger correlation

between X-ray data for the plate and the two slices. The presence of

shrinkage sponge was confirmed in both slices; one slice was entirely Grade B

and the ocher was entirely Grade D. These radiographic assessments

demonstrate that certain size defects in very thick plates (3 inches) may not

be detected using conventional X-ray radiography.
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TABLE 6. EFFECT OF DYNAMIC RANGE ON FAI MEASUREMENTS

AGREEMENT BETWEEN

DIFFERENTIAL PLATE AND SLICE RESULTS(%)
BETWEEN PLATES(l)

POROSITY AND SLICES (2)

TOTAL DATA WITHIN
DATA 60 dB DYNAMIC

BASE( 1 ) RANGE( 3 )

Radius <10 pm 57 91
10-20 pm 13 9

>20 um 30 0

Percent <0.1% 52 85
0.1-0.2% 9 15

>0.2% 39 0

(1) Nine squares from each of the six plates (54 squares total)
(2) Average for the squares from the slices that comprised each

of the 54 squares in the plate
(3) Only those squares for which saturation was not indicated

(31 squares)
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The average percent porosity determined by FAI for the 3-inch-thick

plate that was supposed to contain shrinkage sponge and the individual slices

was the same (0.3 percent, Table 5). The average pore radius values were also

very similar, 79 ;m and 73 pm for the plate and slices, respectively. These

data represent gas porosity and not shrinkage sponge, which was not present in

the plate or slices. The results for the four slicas that contained Che Grade

B gas porosity were significantly different from those described in the

previous section, indicating a wide range of possible porosity contents for

radiographic Grade B. These slices were a very good Grade B (low porosity) as

opposed to the previously described Grade B gas porosity specimens, which were

almost Grade C.

For the 1.25-inch-thick B201 plate that was verified as containing

shrinkage sponge, the percent porosity was 1.3 percent and 2.3 percent in the

plate and slices, respectively. The corresponding average pore radii were 138

pm and 94 pm. The differences between the plate and slice results are

consistent with those for the gas porosity data described in the previous

section, and are probably also due to the defect size distribution and the

limited dynamic range of the FAI system.

Foreign Material Plates. The 3-inch-thick D357 plate was Grade B

according to X-ray radiography. Two of the nine squares contained less-dense

foreign material (LDFM); the remaining squares contained some Grade B gas

porosity. The four slices cut from the plate showed that most of the squares

were Grade A/B (no observed defects). All the LDFM was in the slice cut from

the bottonr of the plate. Six squares were rated as Grade C for LDFM; the

remaining three were Grad'ý B gas porosity.

The 1.25-inch-thick B201 plate was rated as Grade C because of the level

of LDFM in two of the nine squares. The remaining areas were Grade B gas

porosity. However, of the 18 squares in the two slices cut from this plate,

17 were rated as Grade A, and one was found to contain Grade C LDFM.

The square that contained LDFM showed average pore radius and percent

porosity values that were similar to the slices that were defect-free,

indicating that FAI was unable to determine the size of the LDR4. This is
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discussed in more detail in the next section where thc Gverall correlation Cf

FAI and X-ray radiography is described.

4.4.3 Correlation Between FAI and X-Ray Assessments

All of the individual squares from the slices cut from the six defect-

containing plates were individually inspected using X-ray radiography and the

FAI method. All the results are shown in Table 7. They are listed according

to the various defect types and the corresponding FAI average values and

ranges for percent porosity. As determined by radiograpLy of the slices,

forty-four defect-free (Grade A/B) squares were found among the total of 171

that were characterized.

The Grade A/B material had average percent porosity and pore radius

values of 0.2 percent and 16 pm, respectively. The material that contained

gas porosity and shrinkage sponge had percent porosity and average pore radius

values that were significantly higher than that rated as Grade A/B.

Statistical analysis showed that the uncertainties in the FAI values due to

experimental error arc about 20 um and 0.2 percent for pore radius and percent

porosity, respectively. Considering this experimental error margin, the

specimens graded as defect-free by radiography were also found to be defect-

free by FAI.

For gas porosity, the average percent porosity and pore radius values

were qualitati,ýly consistent with the X-ray radiography grades, with Grade C

having higher values than Grade B. Also, within each radiographic grade, the

different sev-rities of porosity observed in the X-ray radiography correlates

well with the FAT-predicted levels. The apparent severity of porosity

observed by radiography was a function of both the FAX-predicted concentration

and average pore radius, as would be expected. Similar trends were observed

in the data for the Grade B and D shrinkage sponge (SS) material. The average

measured percent porosity for Grade D SS material was slightly higher than

Grade B SS material, 2.6 percent versus 2,1 percent.

The previously mentioned dynamic range limitation caused some

underestimation in Grade B material, and even more in Grade C material,

thereby resulting in additional overlap of FAI data for these categories.
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TABLE 7. CORRELATION BETWEEN FAI RESULTS AND X-RAY
RADIOGRAPHIC GRADE FOR THE PLATE SLICES

FAI DATA

PERCENT POROSITY PORE RADIUS (sm)
NO. OF

GRADE SQUARES
AVERAGE RANGE AVERAGE RANGE EXAMINED

A/B 0.2 0-0.5 16 0-60 44

Gas Porosity

B 0.6 0-2.0 50 0-120 69

C 1.7 1.5-1.9 117 90-140 24

Shrinkage Sponge

B 2.1 1.8-2.4 93 80-110 9

D 2.6 1.4-2.9 97 80-110 9

Less -Dense
Foreign Material

B 0.2 0-0.4 78 0-110 5

C 0.2 0-0.5 54 0-110 9

D 0.2 0.1-0.3 105 100-110 2
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No correlations between radiographic grade and FAI data for the LDFM

defects were obtained. Tie percent porosity values of 0.2 percent were equal

to those obtained for the defect-free Grade A/B material. The average pore

radius data also did not seen to indicate the presence of LDFM; values were

similar to those obtained for gas and shrinkage porosity.

In summary, there is a qualitative correlation between FAI and X-ray

radiography results for gas porosity and shrinkage sponge. Further

development of the FAI method is required before this approach can be applied

to foreign material,

4.4.4 Correlation Bctween FAI and Microstructural Measurements

After completing the FAI investigation of the plate slices, portions of

several plates were selected for microstructural examination The objective

was to correlate the FAl-predicted data with actual microstructural

measurements.

The ultrasonic probe was circular in cross-section and characterized a

cylinder of about 0.5 inch diameter. The microstructural specimens were taken

from the center of this cirrular area on the plane that was parallel with the

axis of the cylinder. Image analysis was used to determine the average size

of a given defect.

The selected defects and grade levels are shown in Table 8. Typical

micrographs of three types of defect (gas porosity, shrinkage sponge, and

foreign material) are shown in Figures 10, 1.1, and 12. The average percent

porosity measured using the FAI and microstructural methods fcr Grade B gar

porosity material was 0.7 perceihc and 0.5 percent, respectively. For Grade C

gas porosity material, the equivalent results were 1.7 percent 4nd 1.3

percent. The agreement between FAI and microstructural data for Grades B and

C was excellent. In each case, the FAI method predicted a slightly higher

value than that determined from the microstructure. The .overestimatiron of

percent porosity by the F_i method is probably due to the difference in

measurement methods between FAI and image analysis. The FAI values for

percent porosity and pore radius arc. determined on a volumetric basis while
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TABLE 8. COMPARISON OF FAI AND MICROSTRUCTURAL ANALYSIS DATA

PERCENT POROSITY PORE RADIUS (pm)
DrFECT
TYPE(l)
GRADE(2) FAI(3) MICROSTRUCTURE( 4 ) FAI(3) MICROSTRUCTURE( 4 )

GP/B 1.6 1.4 110 98
0.1 0.05 100 12
0,4 0.1 100 11

AVG 0.7 0.5 103 40

GP/C 1.6 1.0 110 89
1.8 1.6 120 97
1.6 1,4 130 86

AVG 1.7 1.3 120 91

SS/B 1.9 1.3 80 15

SS/D 2.3 1.2 80 19

LDFM/D 1.0 (5) 180 (5)

(1) GP - gas porosity; SS - shrinkage sponge; LDFM - less-dense
foreign material

(2) According to MIL-A- 2157
(3) Volumetric data
(4) Surface cross-section data
(5) Complex shape--specific numbers could not be assigned
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the same values obtained from microstructural analysis were determined on a

cross-sectional basis. The microstructural data, therefore, do not allow a

full defect evaluation because the entire defect is not sampled. In addition,

the FAI values are not completely accurate due to the nonspherical shapes of

the pores. The theory upon which FAI is based assumes that the pores are

spherical, which is not the case in practice (Figure 10); most of the pores

tend to be elliptical.

Similar to the percent porosity, the FAI average pore radius values for

gas porosity were higher than those obtained by microstructural analysis. The

average FAI and microstructural pore radii for Grade B porosity were 103 jim

and 40 pm, respectively. For Grade C, the equivalent results were 120 pim and

91 pm. Similar to the percent porosity assessment, the measured average pore

radii for Grade C material were higher than that of Grade B material. The

average pore radius measurements from the FAI method were observed to be

approximately equal to the longer axis of the elliptically shaped pores, which

supports the conclusion that the discrepancy is related to the nonspherical

nature of the gas pores.

The correlation between data from the FAI and the microstructural

methods for the shrinkage sponge was not as good as that for gas porosity.

Two grade levels (B and D) were evaluated. The percent porosity obtained

using the FAI and microstructural methods was 1.9 percent and 1.3 percent,

respectively, for Grade B, and 2.3 percent and 1.2 percent for Grade D. The

equivalent data for the average pore radius were 80 pm and 15 pm (Grade B) and

80 pm and 19 jm (Grade D). The FAI percent porosity data correlated better

with the X-ray grades than did the microstructural results. It is difficult

to attempt a correlation of this type, particularly for pore radius

measurements, because of (1) the difficulty of accurately assigninE a

dimension to a defect that has a relatively complex shape (Figure 11), and

(2) because the FAI model assumes that the defects are spherical.

The situation for foreign material was complicated. A typical LDFM

irclusion has a very complex shape (Figure 12) and cannot be readily assigned

specific dimensions. The deviation from a spheroidal shape is even greater

than that for gas porosity and shrinkage sponge. For LDFM shown in Figire 12,
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the percent porosity and pore radius measurements obtained using the FAI

method were 1.0 percent and 180 pm, respectively. The percent porosity value

falls in the range typical of those tor gas porosity and shrinkage sponge

(Table 8). The average pore radius (180 pm) was larger than those typical of

gas porosity and shrinkage sponge. However, the LDFM (Figure 12) was much

bigger than the other two defects shown in Figures 10 and 11. The data

indicate that the FAI method, as currently designed, 2annot be used to

identify foreign materials in castings.

4.4.5 Effect of Nonparallel Surfaces on FAI Results

Because the surfaces of castings are often not parallel, the effect of

nonparallel surfaces on the FAI results was determined. The measurements were

performed on one of the slices discussed in Section 4.4.2. The slice was D357

and was determined by X-ray radiography and FAI measurements to have a very

uniform distribution of Grade B gas porosity. Surfaces of the nine squares

were machined so that they were at angles in the range of 2 degrees to 10

degrees compared with the opposing surface. The FAI results as a function of

angle are shown in Table 9. For a given location, the FAI measurements were

taken both before (parallel sides) and after machining (nonparallel sides).

The average pore radius fur parallel and nonparallel sides was, within

experimental scatter, the same for a given angle. However, the measured

average percent porosity showed an increase from about 1.4 percent for

parallel sides to 2.1 percent for the 10 degree angle.

The above results suggest that the effectiveness of the FAI method,

without compensating for noiLparallel sides, may be reduced if the angle

between opposing sides of the casting is greater than about 7 degrees

(Table 9).

4.4.6 Weld Defect Evaluation

The welding defects, i.e., lack of fusion and penetration, cracks, and

porosity, were produced in one nlate of both D357 and B201 using GTA welding.

The defects were initially detected by both radiography and C-scan and then by

the FAI method. Figure 13 shows a C-scan of the weld defects in the D357

43



TABLE 9. EFFECT OF NONPARALLEL SURFACES ON DEFECT DETECTION
CAPABILITIES OF THE FAI TECHNIQUE

AVERAGE PORE RADIUS(l) (pm) AVERAGE PERCENT POROSITY(IM

ANGLE(
2 )

(DEC.) NOOPARALLEL PARALLEL(' 3 ) NONPARALLET, PARALLEL( 3 )

0 -- 100 -- 1.4

2 90 100 1.6 1.5

5 100 80 1.7 1.5

7 130 110 1.9 1.6

10 110 100 2.1 1.5

(1) Data obtained for a 0.75-inch-thick slice of an D357-T6 plete
that contained Grade B gas porosity

(2) Between opposing surfaces
(3) Value before machining the angle
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Figure 13. C-Scan of Weld Defects in D357

(Defects: Cracking, lack of penetration and fusion, porosity)
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plate. Six locations evenly spaced along each of the welds were chosen for

evaluation by FAI, yielding a total of 29 test locations. The defects at each

of these locations were then characterized by radiography for comparison with

the FAI results. None of the welds were defect-free (Grade 1). All welds

contained defects of Grade 2, indicating that the welds were not acceptable.

Welding specifications do not assign defect Grades B, C, and D to defective

welds. Instead, the welds are graded as passed (Grade 1) or failed (Grade 2).

The results of the FAI evaluations and the defect type are listed in

Table 10. Percent porosity and pore radius values were obtained at all 29

locations examined. The severity level of the defects is not determined by

radiography standards, and the accuracy of the FAI results could not be

exactly assessed. However, because weld defects are radiographically graded

in a pass/fail manner, it was assumed that any reading greater than that

obtained from essentially defect-free material. indicates a defective weld.

Further development of the FAI technique is required, though, to fully define

the FAI values corresponding to defect-free material. Once this has been

accomplished, assessment of weld quality by FAI on a pass/fail basis should be

feasible.

4.4.7 Eddy Current Crack Detection Results

The results of the eddy current inspections are summarized in Table 11.

The actual crack lengths, determined from optical measurements, are listed

along with the corresponding probe outputs and predicted crack lengths

determined for each face sheet thickness/cast material/fastener combination.

With the steel fastener installed, all of the cracks in both D357 and B201

were detected through three face sheets of three thicknesses. With the

titanium fastener installed, all cracks could be detected and quantified

except for the shortest crack/thickest face sheet combination of 0.049

inch/0.25 inch. Difficulty in detecting this crack was due to interference

between the low probe output (0.2 mv) and the system noise. The 0.049-inch-

long crack could be detected and quantified through the other two face sheets,

which were 0.08 inch and 0.125 inch thick. Based on these results, a lower

threshold of about 1.0 mv should be used to account for system noise.
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TABLE 10. FAI EVALUATION RESULTS FOR PLATES CONTAINING WELD DEFECTS

DEFECT PERCENT PORE
TYPE ALLOY POROSITY RADIUS

None D357 0.4 152
B201 0.3 65

Foreign D357 0.5 91
Material B201 1.2 133

Gas Hole D357 0.3 180

Crack D357 0.4 50

B201 0.4 176

No Fusior D357 0.4 150
B201 0.4 176
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These results clearly indicate that this eddy current technique may be

used for in-service inspections to accurately detect and measure cracks

originating from fastener holes underneath face sheet materials.

4.5 CONCLUSIONS

1. The FAI results for pore radius and percent porosity showed a

qualitative correlation with X-ray grades for castings that

contained gas or shrinkage porosity. By strengthening the data

base, it may be possible to use the FAI method to provide

quantitative correlations.

2. The FAI technique requires further development before data for

foreign materials can be correlated with X-ray results.

3. The FAI percent porosity measurements decrease as the angle between

the opposing sides of the specimen increases above about 7 degrees.

This may limit the use of the FAI method unless it can be further

developed for use with castings that have non-parallel sides.

4. The FAI technique can be used as a pass/fail methiod for evaluating

weld repairs in castings.

5. Because the dynamic range was found to be a limiting factor for the

FAI method, it should be maximized to reduce the discrepancies

between the data obtained for material of different thicknesses.

6. The in-service eddy current technique can be used to detect the

presence of cracks in component substructure and for determining

their length.

7. Though a good correlation between FAI results and X-ray and

microstructural data for gas porosity exists, without significant

additional evaluation and development, the FAI method cannot be

used as a foundry tool for grading aluminum castings.
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SECTION 5

PHASE I, TASK 2 D357-T5 SCREENING TESTS

5.1 INTRODUCTION

The overall Task 2 objective was to define the process variables

(solidification rate, aging condition, composition) that provide the optimum

balance of tensile and DADT pr.operties of B201-T7 and D357-T6 using screening

tests, and to characteiize the DADT properties of material produced according

to the best process conditions. The screening test data for D357-T6 are

discussed in this section. Average properties are presented in Section 5; the

individual test results are included in Appendix A.

Cast plates of D357 (radiographic quality of Grade B, or better) were

produced to determine (1 the effect of composition, soltdification rate, and

agirg conditions on DADT properties and (2) if optimization of DADT properties

conflicts with the requirements for obtaining the best static (tensile)

properties. The range of compositions was based or, the AMS specification 4241

[1]. The target tensile properties were 50 ksi UTS, 40 ksi. YS, and 3 percent

elongation. Solidification rates and aging parameters were selected to be

typical of those used by foundries. The solution heat treatment conditions

were the same for all the cast plates.

The screening tests were tension, notched tension, fatigue life, and

microstructural analyses. The ratio of the notched tensile strength (NTS) to

tensile yield strength (YS) was used as an indicator of fracture toughness.

The microstructural analyses included determination of the dendrL arm

spacing (DAS), and the area, aspect ratio, and spacing of the silicon

particles. The amount of porosity present in each cast plate was also

estimated using image analysis.

Multiple regression analyses were conducted to determine the

relationships between the process variables, and the mechanical properties and

micro rtruL:tural features.
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5.2 EXPERIMENTAL PROCEDURES

5.2.1 Process Variables

Forty-eight D357 plates with variations of composition, solidification

rate, and aging parameters were cast by Alcoa. Each plate was 0.75 x 6 x 12

inches. The same pattern, and gating and risering system shown in Figure 1,4

were used to produce each plate.

The plates were produced based on the composition specifi-;ation shown in

Table 12. With the exception of the additi.on of Sr as a Si particle modifier,

the specification is the same as AMS 4241 [1] (Draft 40GC). This in'.tial

draft was subsequently moditied and appxoved for general release, Tho

modifications were (1) an increase in the lower limit for Ti from 0.04 percent.

to 0.10 percent and (2) a decrease in the maximum limit for Fe from 0.20

percent to 0.12 percent.

The composition of 36 of the 48 plates was varied within the limits

allowed by the specification. Due to the number of tests that would be

required to evaluate the effect of all the key elements inlividually, some

were grouped together, for example Ti, Mn, and Be. Cast plates were made with

close to the minimum or maximum percentages of each element or group of

elements. The target for those elements not being specifically varied was the

middle of the allowed composition range. The S- addition was 0,008 percent to

0.016 percent, except for those plates where it was specifically omitted.

Strontium was included to promote the furmation of luw a,.pect ratio silicon

particles in all parts of each plate to improve fatigue properties by reducing

the stress concentration associated with irregularly shaped particles.

In addition to the 36 plates that were within the AMS 4241 composition

guidelines, 12 plates were made with compositions outside the specification.

The composition ranges stipulated in the specification are relatively narrow

and, therefore, correlations between properties and alloying element content

could be difficult to detect. These additional plates were made to increase

the possibility of detecting correlations using regression analyses. A

summary of the D357 composition variations evaluated, both within and outside

the specification, is shown in Table 13. Forty-eight combinations of the
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TABLE 12. COMPOSITION S•CEIFICATION FOR THE D357-f6 SCREFNING PLATES

RANGE (WT %L
ELEMENT(I)

MIN. MAX.

Silicon 6.5 7.5

M.gnesium 0.55 0.6

Titanium 0.04 0.20

Beryllium 0.04 0.07

Strontium 0.008 0.016

Iron -- 0.20

Manganese -- 0.1.0

Others, each -- 0.05

Others, total 0.15

Aluminum Balance

(1) AM3 4241 (Draft 40GC) plus Sr addition
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TABLE 13. COMPOSITION VARIATIONS FOR THE D357-T6 SCREENING PLATES

COMPOSITION DEVIATION FROM
COMPOSITION VARIABLES SPECIFICATION MID-RANGE

Below
Min. Min. Max.

si (1) X X

Mg X X X

Ti, Mn, Be (1) X X

Fe N/A (1) X

Ti X (1) (1)

Fe, Be X (1) (M)

Nominal Without Sr

Nominal With Sr

(1) Not evaluated
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three process variables (composition, solidification rate, aging parameters)

were produced, as shown in Table 14.

Two solidification rates were achieved by varying the pour temperature

and the chill material. Copper or iron chills were placed along the center of

the plates (Figure 14) to vary the solidification rate. Pour temperatures of

1380°F and 1440°F were used with the copper and iron chills, respectively.

The solidification rate was not measured directly, but subsequent DAS and

mechanical property data indicated that the plates with the Cu chills had been

solidified more rapidly than those with the Fe chills. These plates are

referred to as the fast and slow solidification plates in the remainder of

this report.

The solution heat treatment parameters were the same for all 48 plates.

The plates were heated for 16 hours at 1010±100F, which is within the

requirements of AMS 4241. The plates were quenched in room temperature water

with a delay time of less than 8 seconds.

The two aging temperature/time combinations were (1) 315±5*F for 12

hours, and (2) 335±5°F for 6 hours. These combinations were selected

following consultations with several foundries as being representative of the

temperature and time ranges typically used for aging D357 castings to the T6

condition. Heat treatment of all the screening plates was conducted by

Northrop.

All the D357-T6 castings for screening were Grade B or better, according

to MIL-A-2175. The plates were radiographically inspected to a one percent

sensitivity both by the foundry and subsequently by an independent laboratory.

The melt composition of each plate was provided by the foundry and was

subsequently verified for each plate by Northrop using inductively coupled

plasma (ICP) analysis. The foundry melt analysis is used throughout this

report for quoting plate compositions.
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TABLE 14. D357-T6 SCREENING PLATE PROCESS VARIABLES

SLOW SOLIDIFICATION FAST SOLIDIFICATION

COMPOSITION(I) AGING PARAMETERS AGING PARAMETERS

315°F/12 hrs. 335'F/6 hrs. 315°F/12 hrs. 335'F/6 hrs.

Si
Max. X X X X
Min. X X X X

Mg
Max. X X X X
Min. X X X X
Below Min. X X X X

Ti, Mn, Be
Max. X X X X
Min. X X X X

Fe
Max. X X X X

Ti
Below Min. X X X X

Fe, Be
Below Min. X X X X

Nominal

No Sr X X X X
With Sr X X X X

(1) Other elements were mid-range of the specification
(2) Each "X" represents one cast plate (total of 48 plates)
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Figure 14. Gating, Risering, and Chill Placement Used

for the D357 Process Variable Plates
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5.2.2 •s!Poedes

Tension, notched tension, and fatigue life tests were performed in

accordance with the ASTM specifications shown in Table 15. Two specimens per

plate were tested for each of these three mechanical properties. The

specimens were excised from the same location in each of the 48 plates for

consistency, The fatigue specimen, which is shown in Figure 15, is a simple

simulation of aircraft components that contain holes for inserting fasteners

during aircraft assembly. Holes act as stress concentrators and are a common

cause of fatigue problems. All the D357-T6 fatigue specimens were tested to

failure using constant amplitude loading, a net maximum tensile stress of 20

ksi, and a stress ratio (R) of 0.1.

5.2.3 Microstructural Characterization

The specific measurements for characterizing the microstructure of each

of the 48 plates were (1) dendrite arm spacing (DAS), (2) silicon particle

aspect ratio, area, and spacing, and (3) percent porosity.

The DAS was measured using a line intercepc method [6] at the edge and

center (under the chill) of each of the 48 plates, and for four of the plates

as a function of distance from the center of the plates. The percent porosity

was determined at the center of each plate. The silicon particle morphology

was measured at the edge of all 48 plates. The percent porosity and the Si

particle morphology were investigated using an Omnicon 3500 Image Analyzer.

5.2.4 Data Analysis

The test matrix (Table 14) was completed for each mechanical property

and microstructural parameter. For mechanical properties, results from two

tests were averaged for each "X" shown in Table 14 (a total of 96 tests for

each property).

The average properties for the process variables were obtained by

averaging the test results for the rows and columns in Table 14. The general

effect of composition was obtained by averaging the data in each row (eight
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TABLE 1.5. SCREENING TEST SPECIFICATIONS

TEST SPECIFICATION

Tension ASTM B557

Notched Tension ASTM E602

Fatigue Life ASTM E466
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Figure 15. Fatigue Test Specimen
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tests per row). The general effects of solidification rate and aging

condition were determined by averaging the data in the four columns. For the

plates that were within the composition specification, 18 individual test

results per column were averaged. An average of six results was obtained per

column for the plates that were outside the composition specification.

The plates that were outside the AMS composition specification were made

specifically to enhance the regression analyses. All the individual test

results for each composition variant shown in Table 14 were includec in the

regression analyses. Both linear and nonlinear multiple analyses were

conducted. The linear analysis assumed a 5 percent probability of error for

accepting or rejecting a variable in the final relationsh'p, providing a broad

indication of the relevant variables before progressing to the nonlinear

analysis. The nonlinear analysis is considered to give a more accurate

definition of the correlation equation due to its inclusion of cross-product

and second order terms. However, the acceptance/rejection criterion was

tightened from five percent to one percent probability of error to reduce the

number of unrepresentative cross-product items which might otherwise appear in

the final equation.

The results of the regression analyses are presented as the percent

variation in the dependent variables (mechanical properties and

microstructural features) explained by the independent variables (composition,

solidification rate, and aging temperature/time).

5.3 RESULTS AND DISCUSSION

The average hardness (Rockwell B) for the plates that were within the

composition specification (WCS) was 46 after solution heat treatment and

quench (SHT) and 69 after aging. The conductivity values (percent of IACS)

for these conditions were 34 percent and 36 percent, respectively. For the

plates that were outside the composition specification (OCS), the hardness of

the SHT and the aged plates was 45 and 71, respectively. The corresponding

"conductivity values were 36 percent and 39 percent.
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The properties for each plate are presented in the following subsections

as a function of the process variables for plates that are (1) within the

composition srecification, and (2) outside the composition specification. The

data are averages of two or more tests.

The average property values cited and discussed in Section 5.3 as a

function of the process variables were obtained from the data tabulated in

Tables 17 through 27 as folloas:

1. Solidification Rate. Average of the data points in the two

adjacent columns under fast or slow solidification.

2. Composition. Average of the four data points in each row

representing a particular composition variation.

3. Aging. Average of tha daca points in the columns (not adjacent)

for the two sets of aging parameters.

4. Strontium. Data for unmodified plates (no Sr) are shown in the row

designated 0.00 Sr; the average is shown at the end of the row.

For modified plates, all the remaining data were averaged according

to items 1 through 3 above.

5.3.1 Composition

The chemical c-.,position of the 12 composition variants was based on the

AMS specification shown in Table 12. Nine of the variants were held within

the composition specification; the composition of the other three variants wý.s

outside the specification. The average contents of the alloying elements that

were specifically controlled are summarized in Table 16. The target for the

elements that were not specifically controlled was the mid-range of the

specification.

62



TABLE 16, COMPOSITION OF THE D357 SCREENING PLATES

ELEMENT (WT %)
ELEMENT
CONTENT(l)

Si Mg Fe Sr Ti-Mn-Be Ti Fe-Be

Max. 7.41 0.60 0.18 0.016 0.19-0.10-0.053 (2) (2)

Min. 6.53 0.56 (2) 0.008 0.07-0.00-0.04 (2) (2)

Below Min. (2) 0.45 (2) (2) (2) 0.00 0.027-0.0005

(1) All other elements were mid-range of the specification
(2) Not evaluated

Note: Plates of nominal composition were also evaluated
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5.3.2 Microstructure

Dendrite Arm Spacing (DAS)

The DAS results are summarized in Table 17. For the WCS material, the

average DAS at the plate edge and under the chill was 0.0028 inch and 0,0014

inch, respectively. Variations in alloy composition had no effect oil the DAS.

The overall average DAS measured at the edge cf each of the 18 plates that

were solidified at the faster race (Cu chill) was slightly smaller than that

for the 18 plates solidified at the slower rate (Fe chill), i.e., 0.0027 inch

versus 0.0029 inch. The overall average DAS under both the Cu and Fe chills

was the same, i.e. 0.0014 inch. However, detailed determination of the

dependence of DAS on distance from the center of four WCS plates (Figure 16)

showed that DAS increased approximately linearly with distance from the center

of the plate, and that the faster solidification rate (Cu chill) resvIted in a

smaller DAS, which typically improves mechanical properties [7].

The DAS for the OCS plates was similar to those that were within the

composition specification. The overall average values for the OCS plates

under the chill and at the plate edge were 0.0014 inch and 0.0024 inch,

respectively.

Silicon Particle Morphology

The aspect ratio, area, and spacing of the Si particles in each plate

were determined usi.ng image analysis. The data for all the 48 plates are

summarized in Tables 18, 19, and 20, respectively.

a. Aspect Ratio

For the WCS plates, the overall average aspect ratio was 1.86; for the

Sr-containing plates (Table 18) it was 1.82. A noticeably higher average

aspect ratio of 2.19 was obtained for the plates that did not coptain Sr. The

average silicon particle aspect ratio of the plates solidified at the faster

rate was lower than that of the slow solidification rate material (1.82 versus

1.90).
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TABLE 17. EFFECT OF PROCESS VARIABLES ON THE DENDR1TE ARM SPACING OF D35/-T6

AVERAG1E DAS (10-4 IN.)

AGE A";E

COMPOSTION(I) SPFCIMEN
(WT. %) LOCATION (SLOW SOLIDIF1CAT1ON) (2) (WAS"' S 0. 1DIFICAT 10 N AV!.P A

315*F/12HR 335
0
F/6HR 315F'/12 HR 335 *,/6fIR

(a) Within Composition Specification

C..9Ti-0.1? Mn-0.053Be Ch; 'I 14 17 '4 >1
Edge 30 33 29 26

-.', i-0.0CMn-0.04Be Chill i5 13 12 12
Edge 2") 31 28 25 2b

""Mg Chill 14 14 14 :4 4
Edge 29 28 27 26 2s

.. 6vg Chill 16 14 12 13 :4

Edge 28 26 25 25

C4: 4 Chill 13 14 '.5
Edge 25 24 24 26 .5

Chill 14 13 14 14

Edge 28 32 30 2? 29

Chi!l 13 '4 15 6 :5
Edge 30 31 22 28 28

"Chil: 14 16 :i 12

Edge 30 31 21 2? 29

"" 14 :5 4 514
.ige 25 2 ? 24 22 24

A d a (I 7n. 1 14 14 14 :4 '4
•g,- 28 30 i

t j's. e 7orrpos; ior Specfi cation

. . -:.':n. ,. ", " 4 '• 4
Laqe 2223 /

144

Lace 22 4

;..2/;, t:,] 8 "•-

Edge 22 25 b 6 2~ 2 '4

r'r t, s''5; rr, cj-rige (1 f t ne s-('i f cat, i un
k ; !-t, "L:..; :44C0 [ pu-r tt erpe t i- J e

0 pur .v~mpera-5re
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A Copper Chill
30 A Iron Chill
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iwo Plates With Each Type of Chiil Were Evaluated

o0 0.5 1.0 1.. 20 2.5 3,0
Distance From Center of Chill (Inch)

Figure 16. D357 Dendrite Arm Spacing Versus Distance from
the Center of the Chill
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TABlIF 13. IFFEGCT OF PROCESS VARIABLES ON THE SILICON PARTICLE ASPECT RATIO OF D35-.T6

SILICON PARTICLE ASPECT RATIO

AGE AGE
COMPOSITION(I)
(WT %) (SLOW SOLIDIFICATION)( 2 ) (FAST SOLIDIFICATION)( 3 ) AVG.

315'F/I12HR 335°F/6HR 315"F/12HR 335°F/61HR

(a) Within 0omDosItion •p•S•.fj •"ojg_

O.19Ti-0.ltMn-O.O53Be 1.78 1.96 1.74 1.75 1.81

O.O7Ti-O.OOMn-O 04Be 1.80 1.70 1.80 1.70 1.75

0.60Mg 1.83 2.00 1.71 1.73 1.82

0.56Mg 1.81 1.80 1.90 1.76 1.82

7.41Si 2.00 1.99 1.80 1.80 1.90

6.53S1 1.92 1.89 1.78 1.73 1.83

O.:8Fe 1.73 1.92 1.76 1.89 1.83

O.OOSr 2.06 2.29 2.20 2.19 2.19

Nominal 1.77 1.80 1.75 1.75 1.77

Average 1.86 1.93 1.83 1.81 1.86

(b) Ouitside Composition Specification

0.45Mg 1.72 1.75 1.76 1.76 1.75

O.OOTi 1.77 1.87 1.74 1.74 1.78

0.027'Fe-0.OOO5Be 1.78 1.72 1.81 1.74 1.76

Average 1.76 1.78 1.77 1.75 1.76

(1) Other elements were mid-range of the specification
(2) Fe chill; 1440°F pour temperature
(3) Cu chill; 1380°F pour temperature
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TABLE 19. EFFECT OF PROCESS VARIABLES ON THE SILICON PARTICLE AREA OF D357-T6

SILICON PARTICLE AREA (pm2 )

AGE AGE
COMPOSITION( 1 )
(WT %) (SLOW SOLIDIFICATION)( 2 ) (FAST SOLIDIFICATION)( 3 ) AVG.

315°F/12HR 335°F/6HR 315°F/12HR 335°F/6HR

(a) Within Composition Specification

019Ti-O.llMn-0.O53Be 16 21 19 1.6 18

0.07Ti-O.OOMn-O.O4Be 21 20 18 15 18

0.60Mg 25 19 18 19 20

0.56Mg 17 24 14 15 18

7.4lSi 18 21 20 19 19

6.53Si 23 22 23 19 22

0.18Fe 18 32 18 24 23

O.OOSr 83 108 66 70 82

Nominal 20 27 19 22 22

Average 27 33 24 24 27

(b) Outside Composition Specification

0.45Mg 16 18 19 17 17

O.OOTi 19 23 19 18 20

0.027Fe-0.OOO5Be 16 18 22 19 19

Average 17 19 20 18 19

(1) Other elements were mid-range of the specificrition
(2) Fe chill; 1440°F pour telmlperature
(3) Cu chill; 1380'F pour temperature
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TABLE 20. EFFECT OF PROCESS VARIABLES ON THE SILICON PARTICLE SPACING OF D357-T6

SILICON PARTICLE SPACING (pm)

AGE AGE
COMPOSITION( 1 )
(WT %) (SLOW SOLIDIFICATION)( 2 ) (FAST SOLIDIFICATiON)( 3 ) AVG.

315°F/12HR 335'F/6HR 315°F/12HR 335°F/6HR

(a) Within Composition Specification

19Ti-0.l1Mn-O.053Be 38 34 29 33 34

.O7Ti-O.OOMn-O.O4Be 42 34 36 32 36

0.60Mg 44 37 44 40 41

0 56Mg 41 34 30 32 34

7.41Si 40 41 41 43 41

6.53Si 30 28 39 34 33

0.18Fe 29 35 34 38 34

O.OOSr 76 64 59 63 66

Nominal 53 51 39 53 49

Average 44 40 39 41 41

(b) Outside Composition Specification

0.45Mg 35 45 35 47 41

O.OOTi 47 57 42 42 47

0.027Fe-0.0005Be 37 44 41 49 43

Average 40 49 39 46 44

(1) Other elements were mid-range of the specification
(2) Fe chill; 1440°F pour temperature
(3) Cu chill; 1380°F pour temperature
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For the OCS plates, the overall average aspect ratio was 1.76, which is

slightly lower than the value for the WCS plates. No significant effect of

solidification rate was observed.

b. Area

The overall average Si particle area (Table 19) was 27 pm2 . The average

for the WCS Sr-containing variants was 20 pm2 and showed only minor variations

due to composition changes. The average Si particle area in the Sr-free

plates, however, was over four times greater than that of the plates that

contained Sr (82 pm2 versus 20 jm 2 ).

The effect of solidification rate on aspect ratio was much greater for

the Sr-free than for the Sr-containing plates. The average Si particle area

for plates without Sr that were solidified at the faster and slower rates was

68 and 95 jim2, respectively. For plates containing Sr, the values were 19 and

21 jm 2 , respectively.

The average Si particle area determined for the OCS plates was 19 jim2 .

There was no significant effect of solidification rate or composition. The

results were essentially the same as those for the WGS Sr-containing plates.

c. S~acin

The overall average Si particle spacing for the WCS platns was 41 Am

(Table 20). The average Si particle spacing for fhe Sr-containing variants

and those that did not contain Sr was 36 Am and 66 pm, respectively. For Che

Sr-free plates, the faster solidification rate (Cu chill) produced a slightly

smaller average spacing than that for the material solidified slowly (Fe

chill), 61 Am versus 70 Am. No effect of solidification rate was observed for

the Sr-ccntaining plates.

The .average spacing for the OCS plates was 44 Am, i.e. slightly higher

than the WCS material (41 Am). The averdge values for the slow and fast

solidification rates were 44.5 Am and 42.5 Am, respectively.
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Thc effect of Sr content on the Si particle aspect ratio, area, and

spacing is illustrated in Figure 17. The photomicrographs are typical of

material taken from the edge of the plate. The Si particles of the Sr-free

material are larger, more irregularly shaped, and are spaced further apart

compared with those observed in the Sr-containing material. Large,

irregularly shaped particles of the type seen in the material without Sr can

be detrimental to DADT properties, particularly fatigue crack initiation

[8,9].

Though the Sr modified the Si particles, there was no effect on DAS

(Table 17). For material under the chill, the Si pazticle morphology was

equivalent for botn the solidification rates. However, the addition of a

modifier such as Sr will promote the formation of an optimum Si particle

mon.'phology in parts of a casting that are not under or rear a chill. This may

be particularly important for DADT properties, which may be more sensitive to

Si particle morphology than static properties.

The mechartism by which Sr modifies the Si particle morphology is not

fully understood, although several possible explanations have been described

[10]. Sr may change the *,quilibrimni at the solid-liquid interface due to

solute build-up, producing a hard- to-detect ternary phase. Sr may also change

the nucleation kinetics and inhibit growth of the Si particles on the

preferred [111] plane.

Pe r c e n tPo r0o sK iy

The percent porosity for each plate was determined using image analysis.

The data were obtained from specimens taken frora the center of the plate under

the chill. Each result presented is the average of about 50 fields of view

"within the microstructure specimen. The data are stunmarized in Table 21.

For the WCS plates, the average porosity of the material solidified at

the slower rate (Fe chill) was about three times that of the fast

solidification material (Cu chill). This is probably due to the increased

time available for dissolution of hydrogen fhom the melt at the slower

solidification rate [10] and/or a greater hydrogen content in the higher
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TABLE 21. EFFECT OF PROCESS VARIABLES ON THE PERCENT POROSITY OF D357-T6

PERCENT POROSITY

AGE ACE

COMPOSITION(1)
(WT %) (SLOW SOLIDIFICATION)( 2 ) (FAST SOLIDIFICATION)( 3 ) AVG.

315OF/12HR 335°F/6HR 315°F/12HR 335°F/i6HR

(a) Within Comosition Specification

0.19Ti-0.1lln-O.053Be 0.030 0.040 0.001(4) 0.001 0.018

O.O7Ti-O.OOMn-O.04Be 0.050 0.00i 0.030 O.010 0.023

0.60Mg 0,040 0,020 0.001 0,040 0.025

0.56Mg 0.0io 0.001 0.001 0.001 0.003

7.413i 0.001 0.070 0.030 0.060 0.0.T0

6.53Si 0.060 0.010 0.00! 0.020 0.023

0.I8Fe 0.050 0.01.0 0.001 0.001 0.016

0.OOSr 0.050 0.030 0.001 0.001 0.021

Noniinal 0.001 0.030 0.001 0.001 0. 10

Average 0.047 0.024 0.007 0.015 0.023

(b) Outside Composition Specification

0.45Mg 0.001 0.001 0.001 0.110 0.028

0.OOTi 0.001 0.030 0.001 0.001 0.008

0.027Fe-O.0005Be 0.001 0.001 0.001 0.001 0.001

Average 0.001 0.011 0.001 0.037 0.012)

(1) Other elements were mid-range of the specification

(2) Fe chill; 1440°F pour temperature
"(3) Cu chill; 1380°F pour temperature
(4) No poxosity detected--below the detection limit of the equipment
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temperature melt. However, even with the same melt gas content, a slower

solidification rate would tend to promote the formation of more gas porosity

than that for material solidified more rapidly. The actual hydrogen content

of the melt was not determined, but bubbles were not detected in the vacuum

test samples from any of the melts. The other process variables had no effect

on the percent porosity. X-ray inspection showed all plates to be Grade B or

better.

All the OCS plates were also Grade B, or better, according to X-ray

radiography. Unlike the WCS plates, no significant effect of solid'ificatiorn

rate on the percent porosity was observed. Only two of the 12 plates

contained a detectable amount of porosity (one each for slow and fast

solidification rate material).

5.3.3 Tensile Properties

The tensile property data are summarized in Tables 22, 23, and 24 for

the plates that were within and outside the composition specification. The

overall average tensile properties are 51 ksi/43 ksi/5 percent and 51 ksi/42

ksi/8 percent for the WCS and OCS plates, respectively.

The average ultimate and yield strengths for the two groups of materials

were very similar, though the elongation of the OCS material was higher than

that of the WCS material. The results are discussed in more detail below.

Ultimate Tensile Strength

The UTS (Table 22) was not significantly affected by any of the

composition variants. A slightly higher value was obtained for the WCS plates

solidified at tne faster rate compared with those solidified more slowly,

i.e., 52.2 ksi versus 50.7 ksi. A slightly higher UTS (52.1 ksi) was obtained

for the WCS variants that were aged at 335°F for 6 hours compared with those

that were aged ac 315°F for 12 hours (50.7 ksi).

The UTS of the OCS plates was not significantly affected by aging

conditions, solidification rate, or composition.
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TABLE 22. EFFECT OF PROCESS VNRIABLES ON THE ULTIMATE TENSILE STRENGTH OF D357-T6

AVERAGE ULTIMATE TENSILE STRENGTH (ksi)

AGE AGE

COMPOSITION(i)
S(WT %) (SLOW SOLIDIFICATION)( 2 ) (FAST SOLIDIFICATION)( 3 ) AVG.

315OF/12HR 335°F/6HR 315'F,/12HR 335°F/6HR

(a) Within Composition Specification

0.19Ti-0.1OMn-O.053Be 50.4 50.3 51.2 53.4 51.3

0Q07Ti-O0.OMn-O.O4Be 49.0 51.8 49.1 54.2 51.0

0.60Mg 49.7 51,8 52.0 54.6 52.0

0.56Mg 50.1 52.1 53.5 54.1 52.5

7.41Si 49.5 51.4 51.0 51.8 50.9

6.53Si 49.8 53.2 51.6 51.4 51.5

0.18Fe 50.0 51.2 52.2 52.0 51.4

0,00St 49.6 51.2 52.5 52.7 51.5

Nominal 51.5 49.5 50.7 51.4 50.8

Average 50.0 51.4 51,5 52,8 51.4

(b) Outside Composition Specification

0.45Mg 50.6 51.8 50.5 49.0 50.5

O.OOTi 51.0 48.9 52.0 51.5 50.9

0.027Fe-0.OOO5Be 52.5 51,8 49.0 52.3 51.4

Average 51.4 50.8 50.5 51.0 50.9

(1) Other elements were mid-range of the spe,•ification
(2) Fe chill; 1440'F pour temperature
(3) Cu chill; 1380°F pour temperature
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TABLE 23. EFFECT OF PROCESS VARIABLES ON THE YIELD STRENGTH OF D357-T6

AVERAGE YIELD STRENGTH (ksi)

AGE AGE
COMPOSITJON(I)
(WT %) (SLOW SOLIDIFICATION)( 2 ) (FAST SOLIDIFICATION)( 3 ) AVG.

315OF/12HR 335°F/6HR 315°F/12HR 335°F/6HR

(a) Within Composition Specification

0.19Ti-0.lOMn-O.053Be 42.1 43.6 41.8 44.5 43.0

O.07Ti-O.OOMn-O.O4Be 41.9 43.8 41.6 44.6 43.0

0.60Mg 41.2 44.7 43.1 45.7 43.7

0.56Mg 42.0 43.9 42.8 45.8 43.6

7.41Si 41.9 44.5 41.8 44.0 43.0

6.53Si 41.6 44.7 42.0 43.8 43.0

0.!8Fe 42.8 45.2 43.3 45.0 44.1

O.OOSr 42.5 45.5 43.0 44.3 43,8

Nominal 42.8 42.4 41.6 45.1 43.0

Average 42.1 44.2 42.3 44.8 43.4

(b) Outside Composltion Specification

0.45Mg 40.1 42.8 38.9 41.0 40.7

0.OOTi 41.8 41.8 42.0 43.2 42.2

O.027Fe.O.OO05Be 42.8 44.9 42.8 44.4 43.7

Average 41.6 43.2 41.2 42.9 42.2

(1) Other elements were mid-range of the specification
(2) Fe chill; 1440°F pour temperature
(3) Cu chill; 1380'F pour temperature
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TABLE 24. EFFECT OF PROCESS VARIABLES ON THE ELONGATION OF D357-T6

AVERAGE ELONGATION (%)

AGE AGE
COMPOSITION(i)
(WT %) (SLOW SOLIDIFICATION)( 2 ) (FAST SOLIDIFICATION)( 3 ) AVG.

315°F/12HR 335°F/6HR 315°F/12HR 335°F/6HR

(a) Within Qqmvosition SRecification

0.19T5-O.lOMn-0.053Be 5.2 1.5 6.5 6.8 5.0

0.07Ti-O.OOMn-O.O4Be 4.0 5.0 3.5 9.2 5.4

0.60Mg 4.5 4.2 6.0 7.0 5.4

0.56Mg 4.6 5.5 9.5 7.0 6.7

7.41Si 4.0 3.2 6.8 5.2 4.8

6.53Si 5.1 6.0 9.0 5.7 6.5

0.18Fe 3.2 3.0 5.2 5.2 4.2

O.OOSr 2.5 1.8 5.5 4.2 3.5

Nominal 5.8 4.1 5.3 3.6 4.7

Average 4.3 3.6 6.4 6.0 5.1

(b) Outside Composition Specification

O.45Mg 11.2 7.6 13.6 6.3 9,7

0.0OTi 6.0 3.2 7.2 6.7 5.8

0.027Fe-0.O005Be 10.9 6.8 10.1 5.6 8.3

Average 9.3 5.9 10.3 6.2 7.9

(1) Other elements were mid-range of the specification
(2) Fe chill; 1440'F pour temperature
(3) Cu chill; 1380°F pour temperature
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In sumunary, the UTS (WCS plates) was influenced only by solidification

rate and aging procedures.

Tensile Yield Strength

Similar to the UTS, the yield strength (Table 23) was not significantly

affected by composition. On average, the WCS plates had a slightly higher

yield strength than the OCS plates (43.4 ksi versus 42.2 ksi, respectively).

The variant that differed most from the overall average value was the low Mg

(0.45 percent) variant (OCS), with a yield strength of 40.7 ksi. The

solidification rate did not affect the yield strength of either the WCS or the

OCS plates.

The aging conditions had the most significant effect on yield strength,

The material aged at 335°F for 6 hours had a higher yield strength than that

aged at 315°F for 12 hours. For the WCS plates the averages were 44.5 ksi and

42.2 ksi, respectively. For the OCS plates, the yield strength values were

43.0 ksi and 41.4 ksi, respectively.

In summary, the yield strength was influenced mainly by the aging

conditions. The OCS plates had a slightly lower yield strength than those

that were within the composition specification.

Elongation

The composition had a greater effect on elongation to failure (Table 24)

than it had on 3ither the ultimate or the yield strengths. The WCS variants

that did not contain Sr had the lowest average value (3.5 percent). The OCS

plates had the highest elongation, particularly the low Mg (9.7 percent) and

the low Fe/Be (8.3 percent) variants.

The plates that were solidified at the faster rate had an average

elongation of 6.2 percent (WCS) and 8.2 percent (OCS). For the WCS plates,

the elongation for the rapidly solidified material was higher (6.2 percent)

than those that were solidified more slowly (4.0 percent). For the OCS

plates, the difference in elongation due to solidification rate was not
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significant (7.8 percent and 8.2 percent for the slow and fast solidification

rate plates, respectively).

For the WCS plates, the aging conditions had no affect on the average

elongation. The values were 5.3 percent and 4.9 percent for the 315°F/12 hour

and 335°F/6 hour combinations, respectively. For the OCS plates, the average

elongation for the 335*F/6 hour aging combination plates was 6 percent,

compared with 9.8 percent for those that were aged at 315°F for 12 hours.

In summary, composition, solidification rate, and aging condition (OCS

plates only) all influenced the elongation to failure.

5.3.4 Notched Tensile Strength and NTS/YS Ratio

The average NTS and NTS/Ys ratio data for each plate are shown in Tables

25 and 26, respectively. The overall average NTS values for WCS and OCS

material are 52.5 ksi and 54.9 ksi, respectively. The corresponding NTS/YS

ratios are 1.21 and 1.30.

The Sr-free plates had a significantly lower NTS (44.1 ksi) than any

other composition variant. The Sr-free material also had by far the lowest

NTS/YS ratio (1.01). The modified Si particle morphology, which is due to the

presence of Sr, clearly has a beneficial affect on the NTS and the NTS/YS

ratio, indicating that Sr should significantly improve fracture toughness in

those areas of a casting that do not benefit from being near a chill. The

effect of Sr on Si particle morphology was shown in Figure 17. The effect of

Sr on the NTS/YS ratio is plotted in Figure 18 for the WCS plates and shows

that the highest NTS/YS ratio was obtained for material that contained about

0.013 percent Sr.

The low Fe/Be OCS variant had the highest NTS (58.5 ksi) and a NTS/YS

ratio (1.34) that was significantly higher than the average value for the WCS

material (1.21). The highest NTS/YS ratio (1.37) was obtained for the OCS low

Mg material. These results indicate that the low OCS Fe/Be and Mg variants

should each have excellent fracture toughness, which is consistent with the

excellent ductility obtained for both variants.
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TABLE 25. EFFECT OF PROCESS VARIABLES ON THE NOTCHED TENSILE STRENGTH OF D357-T6

AVERAGE NOTCHED TENSILE STRENGTH (ksi)

AGE AGE
COMPOSITION(1)
(WT %) (SLOW SOLIDIFICATION)( 2 ) (FAST SOLIDIFICATION)( 3 ) AVG.

315°F/12HR 335°F/6HR 315°F/12HR 335°F/6HR

(a) Within Composition Specification

0.19Ti-O.lOMn-0.O53Be 51.9 48A4 56.0 56.9 53.3

O.07Ti-O.OOMn-0.04Be 55.7 53.6 55.2 58.9 55.9

0.60Mg 51.6 53,9 56.0 56.9 54.6

0.56Mg 48.8 54.4 57.7 58.1 54.7

7.41Si 51.1 52.2 53.0 50.0 51.6

6.53Si 48.8 50.8 55.2 56.0 52.7

0.18Fe 52.8 48.6 53.8 52.3 51.9

O.OOSr 43.2 42.7 46.0 44.4 44.1

Nominal 55.9 52.4 55.8 49.8 53.5

Average 51.1 50.8 54.3 53.7 52.5

(b) Outside Composition Specification

0.45Mg 58.0 55.1 56.0 52.9 55.5

O.OOTi 52.9 44.9 51.2 54.1 50.8

0.027Fe-O.O005Be 61.2 57.0 57.5 58.0 58.5

Average 57.4 52.4 54.9 55.0 54.9

(1) Other elements were mid-range of the specification
(2) Fe chill; 14'ý0°F pour temperature
(3) Cu chill; 1380°F pour temperature

80



TABLE 26. EFFECT OF PROCESS VARIABLES ON THE NTS/YS RATIO OF D357-T6

AVERAGE NTS/YS RATIO

AGE AGE

COMPOSITION( 1 )
(WT %) (SLOW SOLIDIFICATION)( 2 ) (FAST SOLIDIFICATION)( 3 ) AVG.

315°F/12HR 335°F/6HR 315°F/12HR 335°F/6HR

(a) Within Composition Specification

0.19Ti-O.lOMn-0.053Be 1.23 1.11 1.34 1.28 1.24

0.07Ti-O.OOMn-O.O4Be 1.33 1.22 1.33 1.32 1.30

0.60Mg 1.26 1.21 1.30 1.25 1.25

0,56Mg 1,16 1.24 1.35 1.26 1.25

7.4lSi 1.22 1.17 1.27 1.14 1.20

6.53Si 1.17 1.14 1.32 1.27 1.22

0.18Fe 1.24 1.08 1.24 1.16 1.18

O.OOSr 1.02 0.94 1.07 1.00 1,01

Nominal 1.31 1.24 1.34 1.11 1.25

Average 1.21 1.15 1.28 1.20 1.21

(b) Outside Composition Specification

0.45Mg 1.45 1.29 1.44 1.29 1.37

O.OOTi 1.26 1.07 1.22 1.25 1.20

0.027Fe-0.O005Be 1.43 1.27 1.35 1.31 1.34

Average 1.38 1.21 1.33 1.28 1.30

(1) Other elements were mid-range of the specification
(2) Fe chill; 1440'F pour temperature
(3) Cu chill; 1380°F pour temperature
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The solidification rate also influenced both the NTS and the NTS/YS

ratio. For the WCS plates, the NTS averaged 54 ksi and 51 ksi for the fast

and slow solidification rates, respectively. For the OCS variants, the

average NTS was the same for both solidification rates, about 55 ksi. The

NTS/YS ratio was 1.24 for the fast solidification rate WCS material, compared

with 1.18 for the slow solidification rate material. For the OCS variants,

the NTS/YS ratio was the same (1.30) for the two solidification rates.

The aging conditions did not influence the NTS of the WCS material. The

NTS for the 315°F/12 hour combination was, however, higher than the 335'F/6

hour material for the OCS variants, 56.1 ksi versus 53./ ksi. The NTS/YS

ratio was slightly higher for the 315°F/12 hour aging condition than for the

335°F/6 hour age for both the WCS (1.24 and 1.17) and the OCS (1.35 and 1.24)

variants. The variations in the NTS/YS ratio were duo to the change in yield

strength with aging condition.

In summary, NTS and NTS/YS ratio improvements were obtained by including

Sr to modify the Si particle morphology. The fast solidification rate was

also beneficial, compared with the slower rate. Low levels of Mg and Fe/Be in

specific OCS plate variants resulted in high NTS and NTS/YS ratio values,

5.3.5 Fatigue Life

The fatigue life data are summarized in Table 27 for plates that were

both within and outside the composition specification. All the data in Table

27 are log averages of the fatigue life results for each plate. A minimum of

two specimens were tested for each plate. Additional tests were conducted

where a considerable discrepancy between the two test results was obtained.

All fatigue tests were conducted under constant amplitude loading using a net

maximum stress of 20 ksi, and an R ratio of 0.1.

Significant scatter of the fatigue life data for individual specimens

was obtained, which is typical for most materials. The precise location of

casting defects in the specimen influences fatigue life, which would be

shorter if the defects were located near the area of peak stress (near the

hole). The overall averages were 117 x 103 and 66 x 103 cycles to failure for
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TABLE 27. EFFECT OF PROCESS VARIABLES ON THE FATIGUE LIFE OF D357-T6

LOG AVERAGE FATIGUE LIFE (103 CYCLES TO FAILURE)*

AGE AGE
COMPOSITION(1)

(SLOW SOLIDIFICATION)( 2 ) (FAST SOLIDIFICATION)( 3 ) AVERAGE

315°F/12HR 335°F/6HR 315°F/12HR 335°F/6HR

(a) Within Composition Specification

0.19Ti-O.lOMn-0.053Be 98 104 193 222 149

0.07Ti-O.OOMn-O.O4Be 168 136 163 199 165

0.60Mg 78 102 373 165 150

0.56Mg 145 86 620 523 252

7.4lSi 66 59 117 58 76

6.53Si 94 131 103 92 104

0.18Fe 70 84 102 350 118

0.OOSr 53 75 175 79 99

Nominal 57 66 40 44 51

Log Average 85 90 156 144 117

(b) Outside Composition Specification

0.45Mg 78 59 88 56 69

O.OOTi 78 54 56 71 64

0.027Fe-0.O005Be 82 73 53 54 64

Log Average 79 62 64 60 66

* Specimen with a hole; Kt - 2.42; net maximum stress - 20 ksi
(1) Other elements were mid-range of the specification
(2) Fe chill; 1440°F pour temperature
(3) Cu chill; 1380°F pour temperature
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the WCS and OCS materials, respectively. There were differences in fatigue

life between the composition variants that were at the maximum and ininimum

composition limits for a given alloying element or group of elements.

However, because of the scatter in the results, differences in the average

fatigue life values for the compositional variants shown in Table 27 were

considered to be insignificant.

The WCS material that was solidified at the faster rate had a longer

average fatigue life (150 x 103 cycles) compared with that for the slow

solidification rate material (88 x 103 cycles). This higher average fatigue

life is attributed to a lower percentage porosity in these plates (0.011

percent) compared with the material solidified more slowly (0.035 percent) as

shown in Table 21. Fatigue cracks typically initiate at pores in casting

alloys [11i.

No significant effect of aging conditions on the fatigue life of the WCS

variants was apparent.

Even considering the large amount of scatter in the data, the average

fatigue life for the OCS plates (66 x 103 cycles to failure) was significantly

shorter than that of the WCS plates. No significant effects of composition,

solidification rate, or aging conditions were observed.

In summary, the fatigue life of the WCS D357-T6 appears to be related to

the percent porosity, even though all the plates were Grade B, or better.

5.3.6 Regression Analysis

Linear and nonlinear regression analyses were conducted as described in

Section 5.2.4. The results are summarized in Table 28. The percent variation

in each dependent variable (e.g., mechanical property) explained by the

independent variables in the linear analysis (e.g., composition) are listed.

The individual contributions of the independent variables in the nonlinear

analysis are not shown because they cannot be defined due to the cross-

correlation terms generated. However, the total contribution of the relevant

variables is listed. In general, the results of the regression analyses
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support the overall trends observed from the data discussed in previous

subp .ýctions.

The effect of aging condition consisted of concurrently varying

temperature and time and is represented in the repression analyses only by the

aging temperature for the two temperature/time combinations evaluated (335'F/(6

hours and 315°F/12 hours). The solidification rate was represented by the

average DAS for the fast (0.0021 inch) and slow (0.0024 inch) rates at a point

midway between the center and edge of the plate (Figure 16).

All the WCS and OCS data were included in the data set. The results for

the linear and nonlinear analyses are discussed separately below.

Linear Analysis

The criterion used to accept or reject the contribution of an

independent variable to the variation of the dependent variable was a 5

percent probability of error. This large percentage was chosen so that the

best indication of the contributing variables could be determined.

The dependent variables with the largest explained vwtiations were yield

strength, NTS, NTS/YS ratio, and Si particle size area, spacing, and aspect

ratio. With the exception of yield strength, the Sr content had Lthe most

significant effect on these parameters The yield strength was primarily

influenced by the aging parameters (50 percent) with smaller contributions

from Mg (15 percent) and Fe (14 percent).

Other significant contributions to the variation in the dependent

variables were elongation (25 percent - Mg), and DAS at the edge of the plate

(22 percent - Mn). The relationship observed earlier (Section 5.3.2) between

solidification rate and percent porosity was not confirmed by the regression

analysis.
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Nonlinear Analysis

A tighter acceptance/rejection criterion of one percent was used in this

analysis. Despite this fact, the total percentage variation explained by the

nonlinear analysis was usually greater than that determined by the linear

analysis. If the nonlinear percentage is lower but similar to the linear

value, a linear relationship is indicated. If the nonlinear percentage is

greater than the linear percentage, the increase is due to the inclusion of

second-order and/or cross-product terms. For example, the total percent

variation in the NTS/YS ratio increased from 68 percent (linear analysis) to

78 percent (nonlinear analysis). By plotting the data (Figure 18), it was

shown that a nonlinear relationship existed between the NTS/YS ratic and the

Sr content.

Other increases in the total percent variation explained were noted for

elongation, NTS, fatigue life, DAS, and Si particle area, aspect ratio, and

spacing, indicating nonlinear relationships.

The UTS showed a reduction in the percent variation explained from 25

percent (linear) to zero percent (nonlinear). This reduction is probably due

to tne tighter (1 percent) error level for the nonlinear analysis and the fact

that the linear correlation was relatively weak. For the percent porosity,

the percent variation explained increased from zero percent (linear) to 14

percent (nonlinear). Even the latter is too small to indicate a significant

correlation between percent porosity and any of the independent variables.

5.4 CONCLUSIONS

The combined conclusions from both the tabulated data and the regression

analyses regarding the effect of process variables on the mechanical

properties and microstructural features of D357-T6 are as follows:

1. Composition

* The addition of Sr improved:
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- Si particle morphology of material that was not under the

chill

- NTS and NTS/YS ratio (up to 0.0i3 percent Sr) and ductility;

" Low Fe/Be and Mg material (OCS) had the highest ductility and

NTS/YS ratio

"* Low Fe/Be material (OCS) had the highest NTS

"* Low Mg material (OCS) had the lowest yield strength and highest

ductility

2. Solidification Rate

* The faster solidification rate (Cu chill) improved ultimate

strength, ductility, NTS, NTS/YS ratio, and the fatigue life of

the WCS plates

0 There was no significant effect of solidification rate on the

properties of OCS plates

3. Aging Temperature/Time

"* The yield strength was higher for the 335°F/6 hours aging

condition than for 315°F/12 hours (WCS and OCS plates)

"* Ductility, NTS, and the NTS/YS ratio were higher for the OCS

plates that were aged at 315'F for 12 hours than those aged at

335°F for 6 hours

4. Property Optimization

The requirements for cptimizing the DADT and tensile properties of

D357-T6 do not conflict.

5.5 RECOMMENDATIONS

1. To obtain the best balance of mechanical properties, the approved

AMS 4241 specification, with the addition of a Si modifier, such as

Sr, should be used for producing the Task 2, Phase I, D357-T6

verif'.cation plates and for the remainder of the DADTAC program.
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2. The plates for subsequent characterization of DADT properties

should ha~a a DAS below 0,0024 inch in designated areas.

3. D357-T6 should be solution treated according to AMS 4241 [1]

(010±10°F). The quenching and precipitation heat treatment

procedure should be established by the foundry to achieve the

required casting properties.
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SECTION 6

PHASE I, TASK 2 - B201-T7 SCREENING TESTS

6.1 INTRODUCTION

The cverall objective, procedures, and test methods for the B201-T7

screening test subtask were the same as those described in Section 5.1 for

D357-T6. The composition for the cast plates was based on the AMS 4242 (Draft

40GD) specification [2]. The target tensile properties were 60 ksi UTS,

50 ksi YS, and 3 percent elongation. Average properties are presented in

-tion 6; individual test results are included in Appendix B.

6.2 EXPERIMENTAL PROCEDURES

6.2.1 Process Variables

Thirty-two plates with variations of composition, solidification rate,

and aging parameters were produced by Hitchcock Industries. Twenty-four

plates were within the AMS 4242 composition specification; the remaining eight

plates were intentiona.ly outside the specification to strength the regression

analysis. Each plate was 0.75 inch thick x 6 inches wide x 12 inches long.

The same pattern, and gating and risering systems were used to produce each

plate. Figure 19 shows the orientation of the gates, risers, and chills (drag

only) used to produce these plates.

The plates were produced using the composition specification AMS 4242

(Draft 40GD), which is shown in Table 29. This initial draft was subsequently

modified and approved for general release. The modifications were (1) a

change in the range for Ag from 0.5-1.0 percent to 0.4 0.8 percent, and

(2) the Mg range was changed from 0.25-0.35 percent to 0.20-0.30 peicent.

A summary of the B201 composition variations evaluated is shown in Table

30.
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Figure 19. Gating, Risering, and Chill Placement Used

for the B201 Process Variable Plates
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TABLE 29. COMPOSITION SPECIFICATION FOR THE B201-T7 SCREENING PLATES

R~ANGE(WT 11
ELEMENT(1)

MIN. MAX.

Copper 4.5 5.0

Silver 0.5 1.0

Maganese 0.20 0.50

Magnesium 0.25 0.35

Titanium 0.15 0.35

Iron -- 0.05

Silicon -- 0.05

Others, each -- 0.05

Others, total -- 0.15

Aluminum Balance

(1) AMS 4242 (Draft 40GD)

TABLE 30. COMPOSITION VARIATIONS FOR THE B201-T7 SCREENING PLATES

DEVIATION FROM MID-RANGE OF
COMPOSITION VARIABLES COMPOSITION SPECIFICATION( 1 )

BELOW ABOVE
MIN. MIN. MAX. MAX.

Ti, Mn (2) X (2) X
Cu, Ag, Mg (2) X X X
Fe, Si (2) (2) (2) X
Ti X (2) (2) (2)
Nominal

(1) AMS 4242
(2) Not evaluated
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It was not possible to vary all the key elements individually; Ti-Mn,

Cu-Ag-Mg, and Fe-Si were combined to form three groups of elements, The

target for those elements not being specifically varied was the middle of the

allowed composition range.

Two different solidification rates were achieved by varying the pour

temperature and chill material. Copper or iron chills were placed along the

center of the plates and pour temperatures of 1350°F and 1450°F, respectively,

were used to obtain two solidification rates. Similar to D357, the Cu- and

Fe-chilled BK01 plates are referred to in this report as fast and slow

solidification rate plates, respectively.

All plates were hot isostatically pressed (HIPed) to reduce the amount

of microshrinkage that can sometimes be present in B201. This step was taken

to reduce the nunber of potential sites for fatigue crack initiation. HIPing

was undertaken by step heating the plates up to 950°F and holding for 3 hours

in an inert gas atmosphere at 15,000 psi. Improvements in mechanical

properties, particularly fatigue life, were previously demonstrated [12].

All 32 plates were solution treated identically. They were held at

940'F for 2 hours, 960'F for 2 hours, and 980°F for 16 hours and thern quenched

in room temperature water with a maximum quench delay time of 8 seconds.

The effect of two different aging temperature/time combinations was

evaluated. These were (1) 360 ± 5'F for 8 hours, and (2) 380 ± 5°F for 5

hours. These combinations were selected following consultations with

foundries as being within the range of temperatures and times typically used

for aging B201. castings to the T7 condition.

The variations in the three process variables (composition,

solidification rate, and aging parameters) provided a total of 32

combinations, as shown in Table 31.

All plates were Grade B, or better, according to MIL-A-2175. The

inspection and composition verification procedures were the same as those for

D357, described in Section 5.2.1.
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TABLE 31. PROCESS VARIABLES FOR THE B201-T7 SCREENING PLATES

SLOW SOLIDIFICATION FAST SOLIDIFICATION

AGING PARAMETERS AGING PARAMETERS
COMPOSITION( 1 )

360°F/8Hr 380°F/5Hr 360°F/8Hr 380*F/5Hr

Ti, Mn
Max. X X X X
Min. X X X X

Cu, Ag, Mg
Max. X X X X
Min. X X X X
Above Max. X X X X

Fe, Si
Max. X X X X

Ti
Below Min. X X X X

Nominal X X X X

(1) Other elements were mid-range of the specification (AMS 4242)

Note: Each "X" represents one cast plate (total of 32 plates)
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6.2.2 Test i-oggdvLA

The B201 screening tests were identical to those described in Section

5.2.2 for D357 except that the net maximum stress for the constant amplitude

fatigue life testing was raised to 25 ksi.

6 2.3 Microstructural Characterization

The grain size was measured at both the edge and the center (under the

chill) of each plate. The percent porosity in each plate was also determined,

using image analysis. The effectiveness of the HIPing in reducing the amount

of microshrinkage was confirmed by determining the ultrasonic attenuation in

each plate both before and after HIPing.

6.2.4 Data Analysis

Data were analyzed as described in Section 5.2.4 for D357.

6.3 RESULTS AND DISCUSSION

The hardness and conductivity values for each plate were taken after

solution heat treatment (SHT) and again after aging. The average hardness

(Rockwell B) of the 24 WCS plates was 60 after SHT and 82 after aging. For

the OCS plates, the values were 67 and 91, respectively. The conductivity

(percent of IACS) for the WCS materials was 28 percent (STAT) and 33 percent

(aged). For the OCS plates, the corresponding values were 32 percent and 33

percent. The properties are summarized and discussed in the following

subsections. Data averaging was the same as described for D357 in Section

5.3.

6.3.1 Composition

Melt analyses were supplied by Hitchcock Industries and confirmed by

Northrop. Four plates were made for each composition variant (Table 31). The

average contents of the alloying elements that were specifically controlled
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are summarized in Table 32. The target for the elements that were not

specifically controlled was the mid-range of the specification.

6.3.2 Microstructure

The grain size and percent porosity were determined at two locations in

each plate, under the chill and at the edge of the plate. The results are

discussed below.

Grain Size

The grain size results are presented in Table 33. The overall WCS

average grain size was 0.0042 inch under the chill and 0.0046 inch at the edge

of the plate. Composition had a noticeable effect on these values. The

variants with high levels of Ti/Mn or Fe/Si had the smallest average grain

sizes. The low Ti/Mn and Cu/Ag/Mg variants had larger-than-average grain

sizes. The observed effect of varying the Ti/Mn content is to be expected

because Ti is added as a grain refiner. The Ti was added to each melt with

the same delay time before pouring. Thus, the observed effect of Ti is not

due to variations in the residence time in the melt before pouring.

The solidification rate had the anticipated effect; the faster rate

produced a smaller average grain size at the chill (0.0038 inch) than the

slower rate (0.0047 inch). The effect of solidification rate was much more

pronounced for the low Ti/Mn than for the high Ti/Mn variant, as might be

expected. The high levels produced a small grain size even when the

solidification rate was slow, indicating that the grain size was relatively

independent of solidification rate. The grain size of the high Fe/Si variant

was also relatively independent of solidification rate.

For the OCS plates, the overall average grain size was 0.0064 inch, both

under the chill and at the edge of the plate. The average values for the high

Ag-Cu-Mg variants were especially high. The values for the very low Ti

variant were similar to those for the WCS plates that had a Ti level near the

specification minimum.
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TABLE 32. COMPOSITION OF THE B201 SCREENING PLATES

ELEMENT (WT %)

ELEMENT
CONTENT(l) Ti-Mn Cu-Ag-Mg Fe-Si Ti

Above Max. (2) 5.25-1.45-0.43 (2) (2)

Max. 0.35-0.43 4.95-0,98-0.32 0.041-0.043 (2)

Min. 0.19-0.24 4.65-0.57-0.26 (2) (2)

Below Min. (2) (2) (2) 0.052

(1) All other elements were mid-range of the specification
(2) Not evaluated

Note: Plates of nominal composition were also evaluated

98



TABLE 33. EFFECT OF PROCESS VARIABLES ON THE GRAIN SIZE OF B201-T7

GRAIN SIZE (10-4 IN.)

AGE AGE

COMPOSITION(l) SPECIMEN
LOCATION (SLOW SOLIDIFICATION)( 2 ) (FAST SOLIDIFICATION)( 3 ) A\V(:.

360'F/8HR 380'F/5HR 360'F/8HR 380-F,/5H-R

(a) Within Composition Specification

0,35Ti-O.43Mn Chill 24 33 28 24 2!
Edge 33 33 28 24 30

O.19Ti-O.24Mn Chill 67 79 33 33 53

Edge 67 79 47 33 5/

4.95Cu-O.98Ag Chill 40 47 40 47 44
-0.32Mg Edge 56 56 33 47 48

4.65Cu-0.57Ag Chill 47 57 40 47 48
-0.26Mg Edge 67 67 33 47 54

O.O4lFe-0.043Si Chill 20 24 33 28 20

Edge 28 28 40 28 31

Nominal Chill 55 70 50 55 58

Edge 60 60 55 60 58

Average Chill 42 52 38 38 42
Edge 52 54 39 39 46

(b) Outside Composition Specification

0.052Ti Chill 47 56 47 56 52
Edge 56 67 47 56 57

5.25Cu-l.45Ag- Chill 90 70 70 75 76
0.43Mg Edge 75 70 65 70 70

Average Chill 69 63 59 66 64
Edge 66 69 56 63 64

(1) Other elements were mid-range of the specification
(2) Fe chill; 1450°F pour temperature
(3) Cu chill; 1350°F pour temperature
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Percent PorLtýy

Similar to the D357 screening plates, an assessment of the percent

porosity present in each B201 plate was obtained using the microstructure

specimen excised from underneath the chill. Unlike D357, almost no gas or

shrinkage porosity was detected in any of the 20 B201 plates. Microshrinkage

porosity was sealed by HIPing. Ultrasonic attenuation measurements taken both

before and after HIPing confirmed the reduction of microshrinkage. The

average ultrasonic attenuation was reduced from 3.21 to 0.59 dB/cm by HIPing.

6.3.3 Tensile Properties

Tensile properties are summarized in Tables 34, 35, and 36. The overall

average WCS tensile properties were 65 ksi (UTS), 59 ksi (YS), and seven

percent elongation, which were significantly higher than the target values

(60/50/3). The equivalent values for the OCS plates were 72 ksi (UTS), 67 ksi

(YS) and three percent elogation. Stress corrosion tests were conducted on

B201 from both aging conditions to confirm that the material was in the

overaged (T7) condition. Specimens were exposed for 30 days to alternate

immersion in salt water at a stress of 37.5 ksi. No failures were

experienced. The results for each of the three tensile properties are

discussed separately below.

Ultimate Strength

The UTS (Table 34) was highest for those variants that had the highest

levels of Cu/Ag/Mg (69.b ksi average). This is as expected because these are

the main strengthening elements added to B201. The lowest UTS (62.3 ksi) was

obtained for the plates that contained the maximum levels of Fe and Si

impurities. The UTS of the low Ti/Mn variant was slightly greater than that

of the high Ti/Mn variant, 65.8 ksi versus 63.3 ksi.

The UTS was slightly higher for material solidified at the faster rate

than for slower solidification rate material (66 ksi versus 64 ksi). The UTS

was slightly higher (66 ksi) for the plates that were aged at 360°F for 8

hours than those aged at 380'F for 5 hours (64 ksi).
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TABLE 34. EFFECT OF PROCESS VARIABLES ON THE ULTIMATE TENSILE STRENGTH OF B201-T7

AVERAGE ULTIMATE TENSILE STRENGTH (ksi)

COMPOSITION(l)
(WT %) (SLOW SOLIDIFICATION)( 2 ) (FAST SOLIDIFICATION)( 3 ) AVG.

360°F/8HR 380°F/5HR 360°F/8HR 380°F/5HR

(a) Within Composition Specification

0.35Ti-O.43Mn 64.3 61.4 65.0 62.4 63.3

0.19Ti-O.24Mn 66.5 65.6 66.1 65.2 65.8

4.95Cu-O.98Ag-0.32Mg 70.1 69.3 69.8 69.2 69.6

4.65Cu-O.57Ag-0.26Mg 65.2 64.7 65.1 63.8 64.7

O.O4lFe-0.043Si 64.5 60.0 64.3 60.3 62.3

Nominal 60.4 59.6 71.3 69.6 65.2

Average 65.2 63.4 66.9 65.1 65.1

(b) Outside Composition Specification

0.052Ti 68.6 67.2 69.0 67.6 68.1

5.25Cu-l.45Ag-0.43Mg 74.4 74.0 77.5 75.9 75.5

Average 71.5 70.6 73.2 71.8 71.8

(1) Other elements were mid-range of the specification
(2) Fe chill; 1450°F pour temperature

(3) Cu chill; 1350°F pour temperature
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TABLE 35. EFFECT OF PROCESS VARIABLES ON THE YIELD STRENGTH OF B201-T7

AVERAGE YIELD STRENGTH (ksi)

AGE AGE
COMPOSITION(1)
(WT %) (SLOW SOLIDIFICATION)( 2 ) (FAST SOLIDIFICATION)( 3 ) AVG.

360°F/8HR 380°F/5HR 360°F/8HR 380°F/5HR

(a) Within Composition Specification

0.35Ti-O.43Mn 59.2 56.1 58.5 56.0 57.5

0.19Ti-0.24Mn 61.0 59A8 60.3 59.0 60.0

4.95Cu-0.98Ag-0.32Mg 64.8 63.5 63.8 63.2 63.8

4.65Cu-0.57Ag-0.26Mg 58.5 57.4 58.1 56.4 57.6

O.041Fe-0.043Si 59.0 55.5 58.7 55.5 57.2

Nominal 59.7 58.3 62.7 62.0 60.7

Average 60.4 58.4 60.4 58.7 59.5

(b) Outside Composition Specification

0.052Ti 64.0 62.4 64.1 62.5 63.2

5.25Cu-1.45Ag-O.43Mg 72.5 70.1 72.4 69.8 71.2

Average 68.2 66.2 68.2 66.2 67.2

(1) Other elements were mid-range of the specification
(2) Fe chill; 1450"F pour temperature
(3) Cu chill; 1350"F pour temperature
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TABLE 36. EFFECT OF PROCESS VARIABLES ON THE ELONGATION OF B201-T7

AVERAGE ELONGATION (%)

AGE AGE
COMPOSITION(l)
(WT %) (SLOW SOLIDIFICATION)( 2 ) (FAST SOLIDIFICATION)( 3 ) AVG.

360°F/8HR 380 0 F/5HR 360 0 F/8HR 38 0 °F/5HR

(a) Within Composition Specification

0.35Ti-O.43Mn 7.2 5.2 10.7 2.3 6.3

O.19Ti-O.24Mn 6.2 6.1 9.6 9.5 7.9

4.95Cu-O.98Ag-O.32Mg 4.4 6.0 8.7 7.3 6.6

4.65Cu-0.57Ag-O.26Mg 7.2 8.8 9.5 9.7 8.8

O.O4lFe-0.043Si 7.0 5.7 8.6 7.2 7.1

Nominal 0.3 0.5 9.3 8.3 4.6

Average 6.4(4) 6.3(4) 9.4 7.4 6.9

(b) Outside Composition Specification

0.052Ti 3.0 2.9 3.2 3.1 3.1

5.25Cu-1.45Ag-O.43Mg 1.4 2.4 5.7 5.3 3.7

Average 2.2 2.6 4.5 4.2 3.4

(1) Other elements were mid-range of the specification
(2, Fe chill; 1450F pour temperature
(3) Cu chill; 1350 0 F pour temperature
(4) Data for the nominal composition variant were not used to compute the average

value because they were below the minimum specification requirement
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In summary, the UTS of the WCS variants was slightly influenced by

composition, aging conditions, and solidification rate.

The UTS of both the OCS variants was higher than the average for the WCS

plates, particularly the above-maximum levels of Ag-Cu-Mg, the main

strengthening elements. The effects of solidification rate and aging

conditions were similar to those for the WCS plates. Increased solidification

rate (72.6 ksi versus 71.0) and the 360°F/8 hour age (72.4 versus 71.2) gave a

higher UTS.

Yield Strength

The WCS yield strength (Table 35) was dependent upon the levels of

Cu/Ag/Mg and Ti/Mn. The average yield strength was 58 ksi for the low

Cu/Ag/Mg levels and 64 ksi for the maximum levels. The high Ti/Mn variant had

an average yield strength of 58 ksi, while the low Ti/Mn variant had an

average yield strength of 60 ksi. The lowest average yield strength (57 ksi)

was obtained for the high Fe/Si material.

There was no significant effect of solidification rate on yield

strength.

A slight difference in yield strength was observed for the two aging

conditions; the 360°F/8hr age gave a higher value (60 ksi) than that for

material aged at 380'F for 5 hours (58 ksi). This was similar to the trend

observed by the UTS.

In summary, the yield strength of the WCS B201-T7 variants was

influenced by composition and the aging conditions.

The yield strength for the OCS material was much higher than the WCS

variant, particularly for the above-maximum Ag-Cu-Mg plates. Similar to the

WCS material, the yield strength was influenced by the aging conditions.
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Elongation.

The elongation to failure of the WCS variants showed (Table 36) a

dependence upon composition. At the higher Cu/Ag/Mg content, the elongation

was less than that at the lower Cu/Ag/Mg level, 6.6 percent versus 8.8

percent, respectively. The low Ti/Mn variant had an elongation slightly

greater than that of the high Ti/Mn variant, 7.9 percent versus 6.3 percent.

The nominal composition material that was solidified at the lower rate had a

very low ductility (0.5 percent), which is clearly anomalous. One of the low

ductility specimens was metallographically examined; extensive porosity with

oxidized pore surfaces was observed, which probably resulted in the low

ductility.

Higher elongation values were obtained at the faster solidification rate

(eight percent versus six percent). The elongation to failure was essentially

independent of the aging combinations.

In summary, the elongation to failure of the WCS material was mainly

influenced by composition and by the solidification rate.

The average ductility of both of the OCS variants was low.

Solidification rate had a significant effect on the results for the above-

maximum Ag-Cu-Mg material. No effect of aging ronditions was observed.

6.3.4 Notched Tensile Strength and NTS/YS Ratio

The notched tensile strength and NTS/YS ratio data are summarized in

Tables 37 and 38, respectively. The overall average NTS value for the WCS

plates was 86.2 ksi. As a function of composition, the NTS ranged from 82.0

ksi (high Fe/Si) to 89.2 ksi (low Ti/Mn). The high Ti/Mn variant had a NTS of

87.2 ksi. Both the high and low Cu/Ag/Mg variants had the same NTS (85.5

ksi).
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TABLE 37. EFFECT OF PROCESS VARIABLES ON THE NOTCHED TENSILE STRENGTH OF B201-T7

AVERAGE NOTCHED TENSILE STRENGTH (ksi)

AGE AGE
COMPOSITION(1)
(WT %) (SLOW SOLIDIFICATION)( 2 ) (FAST SOL1DIFICATION)( 3 ) AVG.

360*F/8HR 380*F/5HR 360*F/8HR 380 0 F/5HR

(a) Within Composition Specification

0.35Ti-O.43Mn 85.5 84.2 91.2 87.8 87.2

O.19Ti-O.24Mn 87.3 87.2 91.9 90.5 89.2

4.95Cu-O.98Ag-O.32Mg 81.2 83.9 86.0 91.3 85.6

4.65Cu-O.57Ag-O.26Mg 83.2 80.9 89.0 88.7 85.5

O.O4lFe-0.043Si 89.0 74.0 90.0 75.2 82.0

Nominal 83.3 78.3 97.3 90.9 87.5

Average 84.9 81.4 90.9 87.4 86.2

(b) Outside Compositioni Specification

0.052Ti 74.6 71.8 70.7 74.2 72.8

5.25Cu-1.45Ag-0.43Mg 79.4 77.9 89.7 85.6 83.2

Average 77.0 74 8 80.2 79.9 78.0

(1) Other elements were mid-range of the specification
(2) Fe chill; 1450"F pour temperature
(3) Cu chill; 1350"F pour temperature
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TABLE 38. EFFECT OF PROCESS VARIABLES ON THE NTS/YS RATIO OF B201-T7

AVERAGE NTS/YS RATIO

AGE AGE
COMPOSITION( 1 )
(WT%) (SLOW SOLIDIFICATION)( 2 ) (FAST SOLIDIFICATION)( 3 ) AVG.

360°F/8HR 380°F/5HR 360°F/8HR 380°F/5HR

(a) Within Composition Specification

0.35Ti-O.43Mn 1.45 1.50 1.56 1.57 1.52

O.19Ti-0.24Mn 1.43 1.46 1.52 1.53 1.49

4.95Cu-0.98Ag-0.32Mg 1.25 1.32 1.35 1.45 1.34

4.65Cu-O.57Ag-0.26Mg 1.42 1.41 1.53 1.57 1.48

O.O4lFe-O.043Si 1.51 1.33 1.53 1.36 1.43

Nominal 1.39 1.34 1.55 1.46 1.44

Average 1.41 1.39 1.51 1.49 1.45

(b) Outside Composition Specification

0.052Ti 1.17 1.15 1.10 1.19 1.15

5.25Cu-1.45Ag-O.43Mg 1.09 1.12 1.24 1.23 1.17

Average 1.13 1.13 1.17 1.21 1.16

(1) Ither elements were mid-range of the specification
(2) Fe chill; 1450°F pour temperature
(3) Cu chill; 1350°F pour temperature
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The average NTS was higher for material solidified at the faster rate

(88 ksi versus 84 ksi) than that for the slow solidification rate material.

The 360°F/8 hour aging condition resulted in a slightly higher NTS than the

380°F/6 hour age (87 ksi versus 84 ksi).

For the OCS plates, a very low NTS was obtained for the low Ti variant

(72.8 ksi). Material solidified at the faster rate had a higher NTS value

than for the slow solidification rate material (80 ksi versus 76 ksi), which

is the same trend as that for the WCS material.

As a function of composition, the average NTS/YS ratio for the WCS

material ranged from 1.34 to 1.52, the average value being 1.45. The high and

low values were obtained for the high Ti/Mn and high Cu/Ag/Mg variants,

respectively. The ratio was higher (1.50) for the fast solidification rate

than that for material solidified more slowly (1.41.). No effect of aging

conditions on the NTS/YS ratio was observed.

In summary, the NTS of the WCS material was influenced by composition,

solidification rate, and aging condition. The NTS/YS ratio was affected by

composition and solidification rate.

The average value (1.16) and the range of NTS/YS values for the OCS

plates were much lower than the WCS material, indicating that their toughness

is probably low. No effect of solidification rate or aging conditions was

observed.

6.3.5 Fatigue Life

At least two fatigue specimens from each plate were tested at a net

maximum stress of 25 ksi. This is a higher stress than that used for D357-T6

because B201-T7 has an inherently longer fatigue life at a given stress. The

same stress could nct be used for the two alloys because there would have been

a significant number of runouts (B201-T7) or a very short fatigue life (D357-

T6). The choice of two stress levels was acceptable because the objective was

to determine the effect of process variables on the fatigue life of each

alloy, rather than to compare the results for the two alloys. Where
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considerable discrepancy between the two results occurred, additional tests

were run. The data are summarized in Table 39. Log average values are

quoted. The data scatter was significant, which is not unusual for this ty.pe

of test. The overall log average fatigue life for the WCS plates was 151 x

103 cycles. The average fatigue life range for the WCS variants was 70 x 103

to 373 x 103 cycles. Because of the amount of data scatter, there were no

apparent correlations between fatigue life and any of the three process

variables.

The average fatigue life of the OCS plates (78 x 103 cycles) was lower

than for the WCS material. No correlation with the process variables was

observed.

6.3.6 Regression Analysis

Linear and nonlinear regression analyses were conducted as described in

Section 5.2.4. The results are summarized in Table 40. The overall approach

was the same as that for D357-T6, described in Section 5.3.6. The regression

analysis results reported in the First Interim Report were slightly different

from those described below because the data for the OCS material were not

available when the report was published in 1988.

The Ag content accounted for significant portions of the total percent

variation explained in the ultimate and yield strengths and had a smaller

effect on the NTS/YS ratio. The data presented in Tables 34 and 35 showed

that the combined Cu/Ag/Mg level significantly influenced the tensile

strength. Clearly, from the regression analysis, Ag was the main contributor

of these three elements.

In the Interim Report, Ti content showed a strong correlation with grain

size and, to a lesser extent, yield strength. Since Ti is added as a grain

refiner, the correlation was to be expected and was noted from the data

presented in Table 33. However, inclusion of the OCS data showed a much lower

correlation with grain size (reduced from 45 percent to 9 percent) and an

increased correlation with NTS and the NTS/YS ratio (from 0 percent to 24

percent and 42 percent, respectively).
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TABLE 39. EFFECT OF PROCESS VARIABLES ON THE FATIGUE LIFE OF B201-T7

LOG AVERAGE FATIGUE LIFE (103 CYCLES TO FAILURE)*

AGE AGE

COMPOSITION( 1 )
(SLOW SOLIDIFICATION)(2) (FAST SOLIDIFICATION)(3) AVG.

360°F/8HR 380°F/5HR 360CF/8HR 380°F/5HR

(a) Within Composition Specification

0.35Ti-O.43Mn 145 169 135 278 174

0.19Ti-O.24Mn 179 373 190 150 222

4.95Cu-0.98Ag-O.32Mg 157 150 125 131 141

4.65Cu-O.57Ag-O.26Mg 118 137 147 1,13 128

0.041Fe-O.043Si 147 119 158 122 137

Nominal 116 70 72 365 121

Log Average 142 159 132 173 151

(b) Outside Composition Specification

0.052Ti 134 48 63 93 79

5.25Ag-1.45Cu-O.43Mg 82 53 105 79 78

Average 105 51 82 85 78

*Specimen with a hole; Kt - 2.42; net maximum stress - 25 ksi

(1) Other elements were mid-range of the specification
(2) Fe chill; 1450°F pour temperature
(3) Cu chill; 1350°F pour temperature
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Inclusion of the OCS data showed an increase in the correlations between

Si and grain size (from 0 percent to 44 percent), and solidification rate and

elongation (from 23 percent to 45 percent),

The percent variations explained in all the dependent variables except

fatigue life were similar for the linear and nonlinear analyses, indicating

that linear relationships probably exist. The correlation between fatigue

life and the process variables was low for both linear and nonlinear analyses.

6.4 CONCLUSIONS

The combined conclusions from both the tabulated data and the regression

analyses regarding the effect of process variables on the mechanical

properties and microstructural features of B201-T7 are as follows:

1. Composition

"* Higher Cu/Ag/Mg levels increased UTS and YS, and reduced EL and

the NTS/YS ratio

"* The high Fe/SI levels provided the lowest UTS value

"* Higher Ti/Mn levels slightly decreased the UTS, YS, and EL, but

gave the highest NTS/YS ratio

* The lowest ductility (3.1 percent) was obtained for low Ti (OCS)

material.

2. Solidification Rate

The faster solidification rate (Cu chill) increased ductility, NTS,

and the NTS/YS ratio.

3. Aging Temperature/Time

The 360°F/8 hour aging condition gave higher average UTS, YS, and

NTS values than those for material aged at 380°F for 5 hours.
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4. Property Optimizattoi

The requirements for optimizing the DADT and tensile properties of

B201-T7 do not conflict. The benefits of HIPing were demonstrated

by the reduction in ultrasonic attenuation in HIPed plates compared

with plates that had not been HIPed.

6.5 RECOMMENDATIONS

1. The approved AMS 4242 specification should be used for producing the

B201-T7 verification plates for the remaining portion of Task 2,

Phase I, and for the plates required for Task 3, Phase I. All the

plates should be HIPed.

2. The plates for subsequent DADT characterization on the DADTAC

program should have a maximum grain size of 0.0035 inch. This may

be obtained through Ti additions and/or chilling, which will also

minimize the formation of shrinkage sponge.
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SECTION 7

PHASE I, TASK 2 - PROPERTY VERIFICATION

7.1 INTRODUCTION

The objective of the property verification subtask was to perform a

detailed DADT characterization for D357-T6 and B201-T7 made according to the

optimum material and processing conditions determined during the Screening

Subtask described in Sections 5 and 6. D357-T6 and B201-T7 plates were cast

by Hitchcock Industries, Fansteel Wellman Dynamics, and Alcoa according to

specifications derived from the screening evaluations. The specifications

were based on the process variables that provided the best overall balance of

tensile and DADT properties. The use of three foundries to produce material

to the same specification enabled property variations that might be typical of

the casting industry to be determined. The test results for the three

foundries are described for Foundries A, B, or C; this designation does not

correspond to the order listed above.

Because a large amount of data was obtained during the verification

subtask, average property values are typically presented in Section 7. The

individual test results are included in Appendices C (D357-T6) and D (B2O1-

T7).

7.2 EXPERIMENTAL PROCEDURES

7.2.1 Production of Castings

Plates with dimensions 16 x 6 x 1.25 inches were used for the

verification evaluations. The 1.25 inch plate thickness enabled valid

fracture toughness specimens to be obtained. However, a limited number of

plates of the thickness (0.75 inch) used in the screening evaluations of Phase

I, Task 2 (Sections 5 and 6) were also evaluated to assure that the

verification material properties were similar to those obtained from the best

screening task plates.
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The requirements given to the foundries are outlined in the following

sections. Key mechanical and microstructural properties were specified, but

the foundries were given the freedom to select the production methods that

would best enable them to produce plates with the required properties. All

areas of the plates were designated.

7.2.1.1 D357-T6

Screening evaluation data (Section 5) indicated that there was no

conflict in the requirements for optimizing tensile and DADT properties.

Therefore, the AMS 4241 composition specification [1] was used, Table 41, with

the addition of a silicon modifier, which was shown in the screening

evaluations (Section 5) to improve mechanical properties, particularly the

NTS/YS ratio (an indicator of toughness) and ductility. Although qr was used

during the screening evaluation, two foundries (Alcoa and FansteL; Wellman

Dynamics) preferred to use sodium for the verification plates based on prior

experience with modifiers. Hitchcock Industries used Sr.

Each foundry produced two plates of the same size as the screening

plates (12 x 6 x 0.75 inch) and eight larger plates (16 x 6 x 1.25 inch). The

smaller plates, which were the same size as those used in the screening

evaluation portion of Phase I, Task 2. -:ere tested to assure that the

properties of the optimally-procuced screening material could be reproduced

using the verification materill specifications. Because castings are often

quenched in a glycol/water solution to reduce distortion (by reducing the

cooling rate) of complex-shaped parts and/or those that have significant

thickness variations, three of the eight large plates were quenched in a room

temperature glycol (25 percent)/water solution; the remaining plates were

quenched in room temperature water. The rigging system and aging treatments

were the same for the glycol-quenched and water-quenched plates.

The minimum tensile properties specified were based on the results

obtained during the screening evaluations and were identical to the AMS 4241

specification for designated areas, as follows:
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TABLE 41. COMPOSITION SPECIFICATION(I) FOR THE D357 VERIFICATION PLATES

ELEMENT RANGE (WT %)

MIN. MAX.

Silicon 6.5 7.5

Magnesium 0.55 0.6

Titanium 0.10 0.20

Beryllium 0.04 0.07

Strontium 0.008 0.014
(2)

Sodium 0.001 0.010

Iron - 0.12

Manganese - 0.10

Others, each - 0.05

Others, total - 0.15

Aluminum Balance

(1) AMS 4241 plus Si modifier
(2) Sr or Na was used, not both
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Ultimate tensile strength - 50 ksi

Yield strength at 0.2% offset - 40 ksi

Elongation - 3%

The foundries selected their preferred aging procedures to meet the mechani.cal

property requirements.

No weld repair was allowed, and each plate was required to be Grade B or

better by one percent sensitivity radiography according to MIL-STD-2175.

The rigging systems and the heat treatment procedures used by the three

foundries are described below.

Alcoa

The rigging, shown in Figure 20, consisted of a tapered down sprue

leading into a pouring well and runner system which fed the vertical mold

cavity. Three 1.25-inch-thick copper chills were used, and a fiberglass

screen was placed between the pouring well and runner to trap foreign

material.

The plates were solution heat treated for 15 hours at 1015'F in a drop

bottom furnace. The temperature was controlled to within +5°F and -10F. The

plates were quenched in room temperature water or a 25 percent glycol-water

solution, and were artificially aged at 335±50 F for 6 hours.

Hitchcock Industries

The rigging for the plates is shown in Figure 21. Eight 2 x 2 x 1.5-

inch-thick iron chills placed end on end were used in the center of the

horizontal cope, and one 3 x 3 x 16-inch-long copper chill was used in the

drag to obtain directional and rapid solidification. Eight insulated risers

spaced at approximately 4-inch intervals were used to feed the casting during

solidification. The mold cavity was gravity fed through an insulated gating

system which contained ceramic filters to trap foreign material.
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Figure 20. Rigging System Used by Alcoa to Produce D357 Plates
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a. Cope Side of Casting

b. Runner and Filter System

Figure 21. Rigging System Used by Hitchcock Industries to
Produce D357 Plates
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The plates were solution heat treated at I0l045°F for 24 hours and

quenched in room tewperature water or a 25 percent glycol-water solution. The

plates were then artificially aged at 315±50 F for 13.5 hours.

Fansteql Wellman Dynamics

The rigging for the D357 plates produced by Fansteel Wellman Dynamics is

shown in Figure 22. A 2 x 4 x 16-inch-long copper chill was used in both the

cope and the drag. Ten 1.5-inch-diameter insulated risers spaced at

approximately 4-inch intervals were used to feed the casting during

solidification. The mold cavity was gravity fed through the gating system,

which contained ceramic foam filters to trap foreign material.

Attached bars, shown in Figure 22, were co-cast with the plates to

verify heat treatment. The water- and glycol-quenched plates were solution

heat treated at 1010F for 19 hours and 16 hours, respectively, prior to

quenching at room temperature. Following a 24-hour hold at room temperature,

all the plates were aged for 6 hours at 335°F.

7.2.1.2 B201-T7

Similar to D357-T6, the screening evaluation data showed that there was

no conflict in the requirements for optimizing tensile and DADT properties.

Consequently, the composition specified in AMS 4242 (Table 42) [2] was used

for the verification plates. Each foundry produced two 0.75-inch-thick plates

and five 1.25-inch-thick plates and selected their preferred aging treatment

to meet the mechanical property requirements. All areas of the plates

required designated properties and all of the plates were quenched in room

temperature water. To minimize microshrinkage, which may have a deleterious

effect on fatigue life, all B201 plates were HIPed. HIPing consisted of step-

heating the as-cast plates to 950°F and holding for three hours in an inert

gas atmosphere at 15,000 psi.

The specified minimum tensile properties were based on the results

obtained during the screening evaluations and were identical to the AMS 4242

specification requirements for designated areas, as follows:
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1.5" Dia.Insulated
4" x 2" x 16" Ised 2" x 4" x 16"

View A-A

Figure 22. Rigging System Used by Fansteel Weliman Dynamics
to Produce D357 Plates
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TABLE 42. COMPOSITION SPECIFICATION(l) FOR THE B201 VERIFICATION PLATES

ELEMENT RANGE (WT %)

MIN. MAX.

Copper 4.50 5.0

Silver 0.40 0.8

Maganese 0.20 0.50

Magnesium 0.20 0.30

Titanium 0.15 0.35

Iron - 0.05

Silicon - 0.05

Others, each - 0.05

Others, total - 0.15

Aluminum Balance

(1) AMS 4242
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Ultimate tensile strength - 60 ksi

Yield strength at 0.2% offset - 50 ksi

Elongation - 3%

Similar to D357-T6, weld repairs were riot allowed, and each plate was

required to be of a Grade B or better radiographic quality (I percent

sensitivity).

Similar to the D357 plates, each foundry designed its own rigging system

and selected the solution heat treat and aging parameters for achieving the T7

temper and the required mechanical properties. The rigging systems and heat

treatment procedures used by the three foundries are described below.

Alcoa

The rigging for plates was the same as that used for the D357 plates

(Figure 20).

The plates were loaded into a furnace below 500°F and solution heat

treated as follows:

2 hours at 940±10°F

2 hours at 960±10°F

16 hours at 980±10°F

The plates were then quenched in room temperature water and artificially

aged for 5 hours at 380±5°F.

Hitchcock Industries

The rigging for the plates was similar to that shown in Figure 21 except

that no chills were used in the cope. One 2 x 3 x 16-inch-long copper chill

was used'in the drag to obtain directional solidification. Eight insulated

risers spaced at approximately 4-inch intervals were used to feed the casting

during solidification. The mold cavity was gravity fed through an insulated

gating system which contained ceramic filters to trap foreign material.
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The plates were loaded into a furnace below 500°F and solution heat

treated as follows:

2 hours at 940±10°F

2 hours at 950±10"F

16 hours at 980±10°F

The plates were then quenched in room temperature water and aged for 8

hours at 360±5°F.

Fansteel Wellman Dynamics

The rigging system was similar to that used for D357, shown in Figure

22, except that two steel chills (2.5 x 2.5 x 8 inch) instead of copper were

used in the cope to promote directional solidification. The plates were

loaded into a furnace below 500°F and solution heat treated as follows:

2 hours at 920±10°F

2 hours at 950±10°F

2 hours at 970±10°F

16 hours at 980±10'F

The plates were quenched into room temperature water and then naturally

aged at room temperature for 24 hours, followed by artificial aging at 360±5°F

for 8 hours.

7.2.2 Test Procedures

The 1.25-inch-thick plates used for the verification evaluations were

radiographically inspected to assure that all material. was Grade B or better.

They were then comprehensively evaluated using the tests shown in Table 43.

The test specimens were excised randomly from the 1.25-inch-thick plates to

determine the between-plate and foundry-to-foundry mechanical property

variability.
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TABLE 43. VERIFICATION TESTS FOR D357-T6 AND B201-T7

NUMBER OF TESTS

D357-T6 B201-T7

TEST SPECIFICATION WATER GLYCOL WATER
QUENCH QUENCH QUENCH

Tensile ASTM B557 28 15 26

Notched Tensile ASTM E602 34 15 26

Fracture Toughness ASTM B646(I) 7 4 7

Constant Amplitude ASTM E647 6 3 6
Fatigue Crack Growth

Stress-Life Fatigue ASTM E466

Smooth 14 12 15
Notched 10 0 8

Stress Corrosion ASTM G47 0 0 3

Strain-Life Fatigue ASTM E606( 2 ) 12 0 12
and E466

Metallography ASTM E112 13 8 15

Chemical Analysis NA 15 6 15

(1) In addition to the ASTM 646 standard test, short bar testing
was performed using the method currently under review by ASTM

(2) A new specification is under review by ASTM
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For the 0.75-inch-thick verification plates, only tensile and notched

tensile tests were conducted. The results were compared with the screening

test data to assure that the properties obtained from the optimized screening

evaluation plates (Sections 5 and 6) had been reproduced in the verification

plates.

The composition of each plate was determined using Inductively Coupled

Plasma (ICP) analysis to confirm the foundry melt results. The DAS of the

D357 plates was measured using a line intercept method [6] and the silicon

particle morphology was characterized using an Omnicon 3500 image analyzer.

Specimens were excised from random locations throughout the plates.

7.2.3 EQuivalent Initial Flaw Size Analysis

Durability and damage tolerance analysis requirements for aircraft

structure are defined in MIL-A-83444 and MIL-A-87221. For damage tolerance

analysis of wrought alloys, the presence of a flaw is assumed so that defects

that may occur in critical areas of a part during manufacturing are accounted

for. Castings contain inherent flaws such as microporosity, microshrinkage,

or foreign material that may not be detectable by normal NDI methods. A

limited amount of these defects is acceptable in premium quality aluminum

castings for aerospace applications. An equivalent initial flaw size (EIFS)

must be determined for castings to account for these inherent flaws. The EIFS

of D357 and B201 was determined froat the Phase I, Task 2 (verification)

fatigue data using a method developed previously under a Northrop IR&D Program

[13]. The methodology for determining the EIFS and how it may be applied to

both durability and damage tolerance analyses are summarized below.

7.2.3.1 Determination of Equivalent Initial Flaw Size

Stress-life fatigue results for smooth round bar specimens (Kt - 1.0)

were used to obtain an estimate of the inherent material EIFS. The value of

EIFS (ao), which initiates a crack in a smooth round bar fatigue specimen, is

based on the following relationship [13].

127



S} i/(l-m/2)

ao - ai(l'm/ 2 )-(i-m/2)C(flASir/Q)mN i Eq. 7-1

where

ai - a selected flaw size defining initiation which is

close to, but in excess of ao by at least 0.01

inch.

m & C - the slope and intercept, respectively, of tha

Paris equation representing the da/dn vs AK plot.

The da/dn test must be run at the same stress

ratio as the stress-life fatigue tests for the

EIFS analysis.

f - the stress intensity correction factor for a

semicircular surface flaw of a depth equal to the

average of a. and ai.

AS - the elastic stress range of the fatigue specimen.

Ni - the number of cycles for the fatigue crack to grow

to ai from ao.

Q - a crack shape factor, equal to

2.464-0.212 (Smax/ay) 2.

where Smax - the maximum fatigue stress.

a y - yield strength.

The value of Ni is determined from the number of cycles to failure,

using the following relationship:
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(aj + ao) m/ a

(Nf/NI) - I + (aj + ) m 1 Eq. 7-2(ai -a°) f~am m12

a'ai \•/x (29)

where a - the crack length at the midpoint of the

assumed interval, Aa.

- the stress intensity correction factor at

crack length W.

The EIFS solution involves an interpolation between Equations 7-1 and

7-2 because each one contains ao. An adequate convergence occurs within seven

or eight iterations, depending on the initial value of ai assumed.

7.2.3.2 Application to Durability Analysis

The durability analysis was performed using the Northrop sequence crack

initiation program, LOOPIN8 [14], using data generated from round bar strain-

life fatigue test specimens. These specimens have the same general geometry

as those used to obtain the EIFS (Section 7.2.3.1).

Using the average EIFS, obtained as described in Section 7.2.3.1, the

ratio between Ni and Nf for each alloy can be derived from Equation 7-2 for a

selected value of initiation flaw size (ai). Hence, the failure lives

obtained during the strain-life tests can be converted to the cycles required

to initiate a crack of the selected size. Using these converted data, the

LOOPIN8 program is then used to predict the life to initiate a crack from the

material EIFS (ao) to the predefined initiation flaw size (ai).

7.2.3.3 Application to Damage Tolerance Analysis

Damage tolerance analysis is based on the assumption that crack growth

starts from a "rogue" flaw. For wrought alloys, the size of this flaw is

generally defined [15] as a 0.050-inch corner flaw at the edge of a hole.

Reductions in the assumed value of this flaw are negotiable between the
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supplier and the customer based on a demonstration of manufacturing quality.

However, if the basic quality of the material is such that similar or greater

rogue flaws can exist regardless of the care taken to produce the finished

article, then the upper bound of the inherent material equivalent initial flaw

size becomes the limiting design factor.

The upper bound valueF for D357 and B201 castings were derived from the

EIFS distributions obtained from smooth round bar fatigue test results using a

"sudden death" analysis, as described below.

Sudden Death Analysis

Sudden death testing [16] is a method that can be used for determining

the upper bound defect size for the general population based on the fatigue

life results for specimens that contain random distribu~tions of casting

defects. Crack initiation will usually occur at the largest defect located at

or near the surface of the gauge section of the specimen. The failure of the

specimen can be assumed to be the "sudden death" failure of the set of defects

contained within the surface volume of the specimen. The largest defect is

represented by the shortest fatigue life.

The smooth round bar fatigue specimens used in the DADTAC program had a

1.6-inch-long by 0.50-inch-diameter gauge section. The volume of material in

the critical initiation zone of these specimens is equivalent to that obtained

in a similar depth of material at the edge of approximately seventy 0.25-inch-

d.ameter x 0.25-inch-deep holes. This estimate is based on an assumption that

the critical high stress concentration region for a hole extends twenty

degrees either side of the hole axis aligned normal to the primary load

direction. This is considered to be a conservative assumption as a more

localized stress concentration would tend to increase the number of holes

represented by the smooth bar specimen.

According to the theory of ranking [16], the lowest value in a set of 70

specimens clusters about the one percent probability level of the general

population. If the lowest life represents the highest equivalent initial flaw

size in each set of 70, then the EIFS values obtained from an analysis of the
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round bar tests will be clustered about the 99 percent probability level of

the EIFS values obtained for a typical defect population.

The ranked results are analyzed assuming a Weibull distribution to

obtain the median and upper 95 percent confidence limit statistics of the

"sudden deaLh" population. The median and upper 95 percent confidence limit

of the general population are obtained by translating the "sudden death"

median line and confidence limit upward until the Weibull median value of the

"sudden death" line coincides with the 99 percent probability value.

EIFS values for castings obtained from different vendors were grouped

using variance analysis [17]. An estimate of the maximum inherent material

rogue flaw size was obtained from the 99.9 percent probability and 95 percent

confidence value read from the above derived general population distribution.

If this value exceeds the current requirements of MIL-A-83444 it indicates

that the bdsic material quality is more critical for the castings evaluated

under the DADTAC program than the upper flaw sizes currently assumed for

wrought alloys based on manufacturing quality. A value less than the current

MIL-A-83444 specification requirement would indicate that castings can be

considered for use in a damage tolerant design by applying the same criteria

used for wrought alloys.

7.3 D357-T6 RESULTS

The main emphasis for D357 was to evaluate cast plates that were

quenched in room temperature water. However, a few D357 plates were quenched

in glycol to determine if the quench medium significantly influenced the

mechanical properties. All other process parameters for the glycol-quenched

plates were the same as for the water-quenched plates.

For the water-quenchd plates, only those that fully met the specified

microstructural and tensile properties, as well as radiographic quality and

chemical composition, were us.d for evaluating DADT properties. To fully

evaluate the effect of the quench, all of the glycol-quenched plate test

results were compared with data from the water-quenched plates. Hcwever, only

data from those glycol-quenched plates which fully met all the specification

requirements were included in the subsequent DADT analyses (e.g., EIFS).
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All the water-quenched and glycol-quenched D357-T6 plates from

Foundries A and C met the tensile property specification requirements. The

DADT test specimens, therefore, were excised from these plates at random

locations. For Foundry B, three water-quenched plates did not meet the

tensile property requirements; both had one low elongation value (<3 percent)

out of the two tensile specimens tested from each plate. Therefore, with one

exception, only the remaining three Foundry B plates were used for the DADT

characterization described in this section. The exception is the use of plate

V208, which had to be used for notched fatigue tests because of material

shortage.

Full details of the plates used and their properties are included in

Appendix C.

7.3.1 Composition

A combined total of 31 plates (1.25-inch- and 0.75-inch-thick) cast

from 13 different melts by three foundries were used for the verification

evaluations. The composition of each of these melts and the specification

ranges for each element are listed in Table 44. The compositions were within

the range specified from the screening subtask of this program (Table 41).

The melt analyses were confirmed by ICP chemical analyses on samples taken

from the plates.

7.3.2 Microstructure

The microstructure of the D357-T6 plates was characterized using

optical, transmission and scanning transmission electron microscopy (TEM and

STEM), and scanning electron microscopy (SEM). The DAS and silicon particle

morphology of each plate were determined. A typical optical micrograph of

D357-T6 is shown in Figure 23.

The DAS of specimens taken from various locations throughout the

plates ranged from 0.0008 inch to 0.0020 inch, which is within the requirement

(<0.0024 inch) specified for the verification plates.
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TABLE 44. D357 VERIFICATION MATERIAL MELT COMPOSITIONS

COMPOSITION (WT %)

Fe Si Mg Ti Mn Be Na Sr Al

0.03 7.03 0.6 0.12 0.00 0.050 0.002 - Bal.

0.03 6.99 0.6 0.11 0.00 0.070 0.003 - Bal.

0.03 7.27 0.6 0.10 0.00 0.060 0.009 - Bal.

0.04 7.37 0.6 0.11 0.00 0.050 0.012 - Bal.

0.11 6.67 0.6 0.16 0.01 0.061 0.008 Bal.

0.10 7.35 0.6 0.15 0.01 0.070 - 0.014 Bal.

0.11 6.80 0.6 0.17 0.01 0.059 - 0.01i Bal.

0.10 7.07 0.6 0.15 0.01 0.069 - 0.014 Bal.

0.11 7.20 0.6 0.16 0.01 0.070 - 0.007 Bal.

0.10 7.07 0.6 0.15 0.01 0.069 - 0.014 Bal.

0.06 7.11 0.6 0.12 0.01 0.55 0.002 - Bal.

0.06 7.13 0.6 0.12 0.01 0.56 0.003 - Bal.

0.06 7.10 0.6 0.13 0.01 0.51 0.003 - Bal.

AMS 4241 Specification Range

<0.12 6.5- 0.55- 0.10- <0.1 0.04- Bal.
7.5 0.6 0.20 0,07

* Not specified in AMS 4241; however, those amounts used are within
the 0.05 wt. % limit set for "other" elements
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Figure 23. Typical D357-T6 Microstructure
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The average DAS values, as well as the Si particle area, spacing, %nd

aspect ratio for water-quenched and glycol-quenched material from both

foundries are listed in fable 45, along with a comparison to the corresondinr

data obtained previously for the screening material. The DAS for material

from the three foundries was similar, with all values being below the

specification maximum of 0.0024 inch. The average DAS of the verification

material was slightly less than that of the screening material. The average

DAS for the glycol-quenched plates from two of the three foundries (A and B)

was less than that for the water-quenched material. The glycol-quenched and

water-quenched plates were made to the same specification using identical

processing conditions except for thc quench wedium. There was no variation in

chill or mold materials which would affect the DAS. Therefore, the consistent

difference in the DAS for the glycol-quenched and water-quenched plates is

considered to be coinciaental and not a result of processing differences. The

DAS for glycol-quenched Foundry C plates was slightly higher than for the

water-quenched material.

The silicon particle data for the verification material from the three

foundries were also similar, and were similar to those obtained previously for

the screening material. The percent porosity, which was determined using the

optical metallography specimens, was low for all of the verification plates,

as it was in the screening plates.

The microstructure oi randomly selected samples was evaluated using

SEM, TEM, STEM, SAD patterns, and EDX analyses. Four different phases were

observed, although the exact stoichiometry of three could not be determined.

- A typical SEM micrograph of D357-T6, Figure 24, shows three phase

morphologies in addition to the aluminum matrix. Using EDX analyses, the

shapes identified by Numbers 1 and 2 were determined to be Al-Fe, but the

stoichiometry could not be determined. The phase identified by Number 3 was

determined by EDXA to be Si. Smaller Si particles were also observed in the

TEM micrograph, Figure 25- An X-ray map of the microstructure confirmed that

these particles were Si. Long needle-shaped particles were also observed in

the microstructure of Figure 26, and were shown by X-ray mapping to contain

Ti. Mg and Fe X-ray maps of this microstructure were also generated, but
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TABLE 45. DAS AND S1 PARTICLE MORPHOLOGY DATA FOR
1.25-INCH-THICK D357-T6 PLATES

Si PARTICLE MORPHOLOGY

FOUNDRY QUENCH DAS AREA SPACING ASPECT POROSITY
(inch) (pm2 ) (.m) RATIO (%)

A Water 0.0012 16 38 1.6 0
Glycol 0.0010 12 36 1.6 0

B Water 0.0018 18 44 1.6 0.083
Clycol 0.0013 23 40 1.6 0

. Water 0.0011 14 50 1.7 0
Glycol 0.0012 13 62 1.7 0

Average Water 0.0014 16 44 1.6 0.028
Glycol 0.0012 16 46 1.6 0

Average of 0.0016 20 36 1.8 0.023
Screening
Data [3]

136



.ILL

Figure 24. Backscatter SEM Figure 25. TEM Micrograph of
Micrograph of D357-T6 D357-T6 Showing Si

Particles

Figure 26. TEM Micrograph of D35?-T6 Showing a Needle-
Shaped Phase Contahijirg Ti
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neither element was detected. A closer examination of thc Ti-containing

needles was conducted to determine their stoichiometry. Figures 27a and b

show a typical need]e and its SAD pattern, respectively. Examination of the

pattern, as well as two others obtained at different orientations, did not

reveal the composition or stoichiometry of the phase. Another phase is also

seen in Figure 27a, which was identified by EDXA to be Mg2 Si, the main

strengthening phase.

Sodium was used to modify the as-cast microstructure of the specimen

that was examined in the TEM. However, X-ray mapping and diffraction patterns

of various areas of the microstructure failed to locate Na. Some controversy

exists about the exact modification mechanism caused by Na. However, one

theory [18] is that modification is accomplished through an interaction

between Na and P, an impurity element. In the absence of Na, P forms AlP,

which promotes the formation of large Si particles. When Na is added, the

compound NaP is formed, which suppresses this tendency, resulting in a finer

microstructure.

7.3.3 Tensile Properties

The average tensile properties of D357-T6 plates are shown in Table

46. Tests were conducted on both water- and glycol-quenched material from the

1.25-inch-thick plates. A limited number of tensile tests were also conducted

on the 0.75-inch-thick plates (water-quenched only). These smaller plates

were evaluated to assure that those properties obtained for the screening

material could be reproduced in plates of the same size produced to the AMS

4241 specification composition limits. The combined average tensile

properties for the 0.75-inch-thick verification plates from all three

foundries were 53.6 ksi ultimate strength, 45.3 ksi yield strength, and 5.9

percent elongation. These values were similar to the results from the

screening tests, i.e., 51.4 ksi, 43.4 ksi, and 5.1, respectively.
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Figure 27a. TEM Micrograph of Figure 27b. Selected Area Diffraction
D357-T6 Showing a Pattern of the Needle
Needle-Shaped Particle Phase of Figure 27a
Containing Ti and Smaller
Mg2 Si Particles
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TABLE 46. TENSILE PROPERTIES OF THE 1.25-INCH-THICK, WATER-
AND CLYCOL-QUENCHED* D357-T6 PLATES

UTS (ksi) YS (ksi) El (%)

QUENCH**
FOUNDRY MEDIUM AVG. RANGE AVG. RANGE AVG. RANGE

A Water 54 51-55 45 44-47 5.9 3.5-8.5
Glycol 53 51-55 43 42-44 6.6 5.5-9.0

B Water 52 50-53 45 44-46 4.5 3.0-5.6
Glycol 49 48-50 42 41-/A3 3.4 2.5-4.3

C Water 54 53-55 47 46-48 5.4 3.9-8.2
Glycol 51 50-52 44 43-44 4.9 4.6-5.2

Average Water 53 46 5.2
Glycol 51 43 5.0

Target Min. 50 40 3.0

* 25% glycol solution

** Room temperature
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The average and minimum tensile properties for the 1.25-inch-Lhick

water-quenched material from foundries A and C were slightly higher than those

from Foundry B. All of the individual test specimens from the Foundry A

plates met the 50/40/3 tensile property requirements. Three Foundry B plate's

each had one tensile test result that had a percent elongation less than the

3.0 percent minimum requirement. Subsequent DADT evaluations of material from

Foundry B were conducted only on those plates that fully m t the tensile

prcperty specification requirements. The average tensile property data for

Foundry B material shown in Table 46 include only those water-quenched plates

that were within the specification.

The average and minimum tensile property data for glycol-quenched

plates are also shown in Table 46. Strength levels are in general slightly

lower than those for the water-quenched material. The reduction in strength

is probably associated with a lower level of Mg remaining in solution

following the quench, resulting in less Mg2Si, the strengthening phase,

following artificial aging. Two of 15 elongation values (Foundry B) for the

glycol-quenched plates were below the 3.0 percent minimum. Also, all the UTS

values for glycol-quenched Foundry B material were below the 50 ksi minimum.

7.3.4 Fatigue Properties

7.3.4.1 Stress-Life

The smooth and notched stress-life data for D357-T6 (Kt - 1.0 and 3.0)

are shown in Figure 28a and b, respectively. The smooth fatigue data are

compared to 7075-T73 [19], a wrought alloy commonly used in tatigue critical

aircraft applications. The fatigue lives of material from Foundry A are

longer than those for Foundries B and C for a given stress level. The fatigue

lives of the glycol- and water-quenched material are indistinguishable. The

average fatigue life of D357-T6 is less than that of 7075-T73, and is

presumably due to lower D357.-T6 strength and the larger size of the inherent

defects found in castings, which will tend to reduce the initiation life, as

discussed in Section 7.3.4.3.
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The notched fatigue data are compared with 7475-T76 [20], which has a

longer life than D357-T6 at a given stress, though the difference is not as

pronounced as that for the smooth fatigue results.

7.3.4.2 Strain-Life

The strain-life data are shown in Figure 29 as log strain amplitude

versus log of the number of cycles to failure (Nf). The specimens were tested

using an R ratio of -1.0 and a Kt of 1.0, with strain amplitudes ranging from

0.010 to 0.002, which resulted in fatigue lives ranging from approximately 50

to 1,000,000 cycles. These data were generated for use in the durability

analysis (Sections 7.2.3.2 and 10.5). Data from the three foundries were

indistinguishable.

7.3.4.3 Fatigue Crack Growth Rate

The range of constant amplitude fatigue crack growth rate (FCGR) data

for water- and glycol-quenched mater~al are shown in Figure 30. Also included

are data obtained under a previous Northrop program for A357-T6 [21], and

7075-T7351 plate [22]. The DADTAC D357-T6 data are similar to the previous

A357-T6 data and are slightly better than that of 7075-T7351. Based on these

data, the difference in the total fatigue life between the cast and wrought

materials (Figure 28) can be attributed to the ease of crack initiation.

Fatigue cracks probably initiate more readily in castings than in wrought

material, due to the presence of inherent defects such as dross and/or

porosity. Several ftigue life specimens were fractographically examined to

determine the crack initiation site. Out of 12 specimens examined, 11

initiated a fatigue crack from a defect located at or near the surface. No

clearly defined defect was associated with the fatigue crack initiation of the

twelfth specimen. The results are shown in Table 47. All of the defects were

porosity and/or dross. Typical sites are shown in Figures 31a and b.

1.43



10 -

Ktul.0, R- -1.0

Foundry A A
Foundry B 5
Foundry C 0

E
-2

A Aco A 0

0•-J 0 A

AA

1 -3 . ...... ,........a , . ... ........ ' ........ * ' . . ..
10 1 34 6 7

10 102 103 104 10 10 10

Log Nf

Figure 29. D357-T6 Strain-Life Fatigue Data

144



10.4

Northrop IR&D [21] -'- :

,4 f7075-T7351 Plate [221

10

Z Regression
Fit of Region II
daldN Data

m = 4.988
c = 2.46 x 10

10,7 • Range of DADTAC D357-T6 Data

11

110 100

AK (ksi~in)

Figure 30. D357-T6 Fatigue Crack Growth Rate Data

TABLE 47. FATIGUE CRACK INITIATION SITES FOR D357-T6 FATIGUE SPECIMENS

NUMBER OP FATIGUE SPECIMFNS WITH CRACK INITIATION SITE

Dross Pore Both Dross and Pore Other*

4 4 3 1

* No observable defect
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a. SEM Micrograph of a Pore

A1

14t

~.Backscatter SEM Micrograph of Foreign Material

Figure 31. Typical Crack Initiation Sites in D357-T6 Fatigue Specimens
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7.3.4.4. Spectrum Fatigue Life

Two specimens (Figure 15) were tested under spectrum fatigue loadi:•

using an F-18 spectrum (F18C2) at 32 ksi gross maximum stress. The total rime

to failure for the two specimens was 14,131 and 17,731 flight hours (average

15,931 flight hours). These data were obtained to provide a baseline for

assessing the effect of defects and nonoptimum microstructure on spectrum

fatigue life (Section 8).

7.3.5 Fracture Toughnesl

The average fracture toughness results for water-quenched and glycol-

quenched D357-T6 are shown in Table 48. Compact tension and short bar

fracture toughness, as well as NTS/YS ratio data were obtained. A short bar

test specimen was removed from five of the tested compact tension specimens to

provide a direct comparison of the results for the two test methods. Invalid

KQ results were obtained from the compact tension tests for all the water-

quenched material due to excessive crack front curvature, which is often

observed in castings due to residual stresses incurred during quenching.

Valid KIc results were obtained for glycol-quenched plates, presumably because

of the slower cooling rate associated with the glycol.

An average of 24 ksijin was obtained for water-quenched material by

both compact tension (KQ) and short bar (KIV) test methods. The fracture

toughness of the glycol-quenched material was slightly less than that of the

water-quenched material, 22 ksijin for both compact tension (KIC) and short

bar (KIV) test methods. The average fracture toughness values for the glycol-

quenched and water-quenched plates from each of the foundries was similar.

The compact tension and short bar fracture toughness values are shown

as a function of yield strength in Figure 32, The fracture toughness ranged

from approximately 21 to 25 ksi.in, with most of the lowest values (21 to

22 ksilin, KIC) being obtained for the glycol-quenched material. There was no

clear correlation between the fracture toughness and yield strength, probably

because the yield strength range was relatively narrow. Other work [231 has

shown that there is an inverse relationship between fracture toughness and

yield strength.
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TABLE 48. AVERAGE D357-T6 FRACTURE TOUGHNESS AND
NOTCHED TENSILE STRENGTH DATA

FRACTURE TOUGHNESS (ksi .in.)

QUENCH NTS YS
FOUNDRY MEDIUM KIC KQ KIV-. (ksi) (ksi) NTS/YS

A Water -- 25 25 63 45 1.4
Glycol 21 -- 22 58 43 1.3

B Water -- 24 24 62 45 1.4
Glycol 22 -- 22 58 42 1.4

C Water -- 23 -- 53 47 1.1
Glycol 22 -- -- 44 44 1.0

Water -- 24 24 59 46 1.3
AVERAGE Glycol** 22 -- 22 53 43 1.2

* Short bar test
** 25% glycol solution

148



30

SGlycol Water
- Quenched Quenched K 'O

J9A KIV

25 -

0)

SI

U.-

20I

40 45 50

[] Yield Strength (ksl)

Figure 32. Relationship Between Fracture Toiighnes; aad Yield

Strength for D357-T6

14

14

r I I I' '! l r ir • l :' ' I I l I I I I i i I I IIUr
I20



7.3.6 EfuivalAnt i law Sizi

The method for determining the equivalent initial flaw size was

described in Section 7.2.3.1. The calculated values for individual specimens

excised from material from all three foundries are shown in Table 49, along

with the corresponding fatigue life and maximum applied stress. Testing of

specimens that did not fail after 5 x 106 cycles was terminated and an EIFS

was not calculated.

The data indicate that the EIFS for Foundry A is significantly lower

than that for Foundries B and C. This is consistent with the S/N fatigue data

shown in Figure 28; the results for test specimens from Foundry A material are

at the higher end of the overall band of data. The combined EIFS data for all

three foundries were then analyzed as described in Section 7.2.3.3 to

determine the value of the maximum inherent material rogue flaw size (99.9

percent probability and 95 percent confidence) that should be used to design a

cast DADT critical component to a specific life. The data are presented as a

Weibull distribution in Figure 33. For D357-T6, the maximum flaw size was

determined to be 0.036 inch, which is less than the 0.050-inch flaw that is

typically assumed for damage tolerance analysis of wrought materials [15]. A

defect of this size may be detected in material up to about 3 inches thick

using X-ray radiography at a one percent sensitivity. Based on this

information, Grade B, or better, D357-T6 castings up to the maximum thickness

evaluated under the DADTAC program (1.25 inch) can be considered for use in a

damage tolerance design.

The fracture surfaces of selected fatigue specimens were examined to

determine the size of the crack initiation sites and were compared to those

derived from the EIFS analysis, Table 50. The measured values were obtained

by detrrmiining the semicircular area within which the flaw would fit. The

center of the semicircle was on the surface of the specimen. Measured values

were nut obtained for all the fatigue specimens because exact identification

of the complete crack initiation site was not possible due to the presence of

multiple defects. The derived values are within an order of magnitude of the

measured values. Discrepancies between the measured and derived values are

probably due to the inability to accurately account for the effects of the
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TABLE 49. D357-T6 EQUIVALENT INITIAL FLAW SIZE DATA

MAXIMUM CYCLES TO
STRESS FAILURE EIFS

FOUNDRY (ksi) (x10 3 ) (inch)

A 30 4069 0.0039
30* 1474 0.0073
35 220 0.0139
45 50 0.0149
40* 50 0.0211
40 50 0.0211

Avg. 0,0137

B 30* 254 0.0201
30 213 0.0220
40* 45 0.0223
45 14 0.0292
20* 982 0.0293
40 26 0.0295
25 223 0,0341

Avg. 0,0266

C 40 50 0.0210
20 1569 0.0232
30 118 0.0251
30* 123 0.0289
30 165 0.0294
30* 91 0.0334
40* 20 0.0334
20* 618 0.0362
20* 373 0.0450

Avg. 0,0306

* Glycol-quenched
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Figure 33. Weibull Distribution of D357-T6 EtFS Data
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TABLE 50. COMPARISON OF PREDICTED AND MEASURED EQUIVALENT
INITIAL FLAW SIZE FOR D357-T6

EIFS (in)
SPECIMEN

PREDICTED MEASURED

Vill 0.0039 0.0175
V115 0.0073 0.0375
V116 0.0211 0.0343
V209 0.0292 0.0096
V210 0.0341 0.0162
V211 0.0201 0.0062
V213 0.0293 0.0137
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shape (sometimes very complex) and orientation of the crack initiation sites

relative to the specimen surface. The difficulty of accurately measuring

defects is illustrated in Figures 34a and b. The measured defect size is

indicated by the semicircle enclosing each defect with the center of the

semicircle placed on the edge of the specimen. (A semicircle was used because

DADT analyses assumes the presence of a semicircular flaw in the material.)

It can be clearly seen that the semicircle encloses much more material than

the defect, and that the size of the semicircle is highly dependent upon the

aspect ratio of the defect. In contrast, the EIFS analysis determines the

semicircular area which has the same effect on fatigue properties as a highly

aspected defect. Highly aspected defects can cause the measured defect size

to be either greater than or less than the predicted defect size (the EIFS).

From this comparison, it was concluded that the approach being used to predict

the EIFS from smooth fatigue data is viable.

7.4 B201-T7 RESULTS

7.4.1 Composition

Twenty plates cast (both 1.25 inch thick and 0.75 inch thick) from

eight different melts by three foundries were used for the B201 verification

evaluations. The composition of each of these melts and the ranges for each

element are listed in Table 51. All of the compositions were within the

specified range (AMS 4242) [2]. Reported compositions of the plates were

confirmed by ICP tests at Northrop.

7.4.2 Microstructure

The microstructure of the B201-T7 plates was characterized using

optical, TEM, STEM, and SEM methods, and the grain size and percent porosity

of each plate were determined.

The grain size at random locations in plates from all three foundries

ranged from 0.0024 inch to 0.0039 inch. A typical micrograph of the B201-T7

microstructure is shown in Figure 35.
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Figure 34. Measurement of Defect Size in D357-T6
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TABLE 51. B201 VERIFICATION MATERIAL MELT COMPOSITIONS

COMPOSITION (WT %)

Cu Ag Mg Mn Ti Fe Si Al

4.59 0.56 0.27 0.28 0.19 0.02 0.04 Bal.
4.55 0.55 0.30 0.28 0.18 0.01 0.02 Bal.
4.54 0.40 0.27 0.22 0.17 0.01 0.05 Bal.
4.75 0.44 0.24 0.33 0.16 0.02 0.05 Bal.
4.69 0.64 0.28 0.28 0.28 0.04 0.04 Bal.
4.93 0.69 0.28 0.28 0.28 0.04 0.04 Bal.
4.59 0.65 0.26 0.27 0.24 0.04 0.02 Bal.
4.63 0.57 0.25 0.31 0.18 0.02 0.01 Bal.

AMS 4242 Specification

4.5- 0.40- 0.20- 0.20- 0.15- <0.05 <0.05 Bal.
5.0 0.80 0.30 0.50 0.35

A: • i > ,, . , ,. >

50X Kellers Etch

Figure 35. Typical B201-T7 Microstructure
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The microstructure was examined further by SEM, STEM, and TEM. SAD

diffraction patterns and EDXA of various phases were taken, and five different

phases were identified. The most prominent of these five was the

strengthening phase CuAl 2 , (theta), Figure 36, found as small platelets on the

(100) plane of the aluminum matrix. A grain boundary phase and associated

precipitate-free zone were also observed in Figure 36. EDX analysis of the

grain boundary area identified the presence of Al and Cu, suggesting the phase

was equilibrium CuAI 2 . CuAl 2 was also seen as a large blocky constituent

phase, Number 2 in Figure 37. Other large constituents were also observed in

Figure 37. The constituent labeled Number 1 contained Cu and Fe. The

constituents indicated by Numbers 3 and 4 were rich in Ti, and those indicated

by Numbers 5 and 6 contained Ca, Fe, and Mn.

Two grain boundary phases were also observed in addition to the

equilibrium CuAI 2 phase. One was the Al, Cu, Fe, and Mn rich phase mentioned

previously, Number 1 in Figure 38; the other was rich in Al, Cu, and Mn,

Number 2. A large blocky Al, Cu, and Mn phase was also observed in the

matrix, Figure 39. Figure 40 shows an Al-Ti phase, which was AI 3 Ti, A1 2 4 Ti 6 ,

or Al 2 3 Ti 9 .

The CuAI 2 phase identified above has been reported [24] for alloys

containing Ag to be omega, an altered form of theta, the main strengthening

precipitate in Al-Cu alloys. The addition of Ag to Al-Cu alloys promotes the

formation of the omega strengthening precipitate during aging above about

210'F and causes a marked increase in age hardening. Silver was also shown by

regression analyses (Section 6.3.6) to increase the strength of B20I-T7.

Omega essentially replaces theta and is thought to be a monoclinic or

hexagonal form of the theta phase, which itself is body-centered tetragonal.

Omega forms on the (Ill) plane of the matrix as a uniform dispersion of a:

very thin, he: ,gonally shaped plates, and is thought to be coherent with the

matrix along the (111) plane and at the ends of the precipitate. Omega may be

more stable than theta, as evidenced by creep testing [24]. In addition, the

precipitat )n mechanism associated with the omega phase seems to be different

from that of the theta phase.
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Figure 36. TEM Micrograph of B201-T7 Showing the Theta Phase
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Scanning diffractometiy of B201 was also conducted to identify phases.

Analysis of the diffraction pattern led to the identification of only two

phases, A12 0 3 and delta (Al 4 Cug). Phases containing other alloying elements

were not detected due to the relatively small amount (<I weight percent) of

all alloying elements in B201 except for Cu.

7.4.3 Tensile Properties

The average and minimum (indicated by the ranges) tensile property

values of the 1.25-inch-thick B201-T7 plates from all three foundries are

shown in Table 52. Test results were also obtained for the 0.75-inch-thick

plates to provide a direct comparison with those obtained in the screening

portion of Phase 1, Task 2. Average tensile properties of 66.5 ksi ultimate

strength, 59.1 ksi yield ;trength, and 8.3 percent elongation to failure were

obtained for the 0.75-inch-thick verification plates with minimum values of

64/55/6.5. These properties are similar to those obtained for the screening

material (65/57/7).

All the individual tensile properties for the !.25-inch-thick

verification plates from all three foundries exceeded the specified minimum

of 60 ksi ultimate strength, 50 ksi yield strength, and 3 percent elongation.

Material from Foundry B had the highest strength; material from Foundries A

and C had similar properties. Stress corrosion tests were conducted (Section

7.4.6) and confirmed that the alloys were in the T7 condition.

7.4.4 fatigue Properties

7.4.4.1 Stress-Life

The smooth and notched stress-life (Kt = 1.0 and 3.0) data for B2UI-F,'

from the three foundries are shown in Figure 41. The smooth fatigue data are

compared to results for A201-T7 material obtained under a previous

Northrop/Navy contract [12J, ana 7075-T73 [19], an alloy commonly used in

fatigue-critical aircraft applications. The fatiguie lives for B201-T7 from

Foundries B and C are similar and are shorter than those for Foundry A

material.
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TABLE 52. TENSILE PROPERTIES OF 1.25-INCH-THICK B201-T7 PLATES

UTS (ksi) YS (ksL) El (%)

FOUNDRY AVG. RANGE AVG. RANGE AVG. RANGE

A 66 65-67 57 54-58 8.7 8.3-11.0

B 70 68-73 63 60-66 8.2 7.5-8.8

C 67 64-70 60 58-62 8.3 6.5-9.5

Average 68 60 8.4

Target Min. 60 50 3.0
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Figure 41. B201-T7 Stress-Life Fatigue Data
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Eight fatigue specimens (Kt - 1.0) were fractographically evaluated to

determine the nature of the crack initiation site. For five specimens,

foreign material (dross) was observed at the initiation site. In two

specimens, porosity was found; in the remaining specimen there was no

indication of a microstructural discontinuity.

Two specimens of Foundry A material were evaluated, which showed the

best fatigue life results. One contained dross, which was An internal flaw;

the other specimen was the one that did not contain any noticeable

discontinuities. Two Foundry B specimens contained dross; a third contained

poro7.ty. For all three Foundry C specimens, dross was present at the

initiation site.

The notched (Kt - 3.0) fatigue data are compared with 7475-T76 [20).

The fatigue data for the two alloys are very similar, with those for B201-T7

being slightly better than 7475-T76.

7.4.4.2 Strain-Life

The strain-life data, plotted as log strain amplitude vs. log of the

number of cycles to failure (Nf), are shown in Figure 42. The specimens were

tested using an R ratio of -1.0 and a Kt of 1.0, with strain amplitudes

ranging from 0.008 to 0.002. These strain amplitudes resulted in fatigue

lives ranging from approximately 500 to 200,000 cycles. These data were

generated for use in the durability analysis (Sections 7.2.3.2 and 10.5).

7.4.4.3 Fatigue C$aqk Growth Rate

The range of fatigue crack growth rate (constant ampiitude) data for

B201-T7 from the three foundries is shown in Figure 43. Also included are

data for A201-T7 tested under a Northrop/Navy contract [121, and 7075-T7351

place [22], an alloy used in fatigue critical aircraft applications. The

DADTAC program data are similar to the Northrop/Navy contract A201-T7 data.

However, B201-T7 had a slightly slower fatigue crack growth rate than 7075-

T7351. Because the FCGR for B201 castings and 7075-T7351 is similar, the
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difference in total fatigue life (Figure 41) can be attributed to the reduced

crack initiation resistance of the cast material, which is presumably due to

the presence of inherent defects such as dross and/or porosity.

Each fatigue life specimen was fractographically examined to determine

the crack initiation site(s). Out of eight specimens examined, fatigue cracks

in seven of them initiated at defects. It was not possible to detect a defect

associated with the crack initiation in the remaining specimen. The defects

were either gas porosity, shrinkage porosity, or foreign material. A typical

foreign material defect is shown in Figure 44.

7.4.4.4 Spectrum Fatigue Life

Similar to D357-T6, two specimens were tested under spectrum loading

to provide a baseline for assessing the effect of nonoptimum microstructure on

fatigue life (Section 8). The fatigue lives were 26,762 and 14,731 flight

hours for maximum stresses of 32 ksi and 40 ksi, respectively. The spectrum

was an F-18 wing root spectrum (F18C2); the specimen configuration is shown in

Figure 15.

7.4.5 Fracture Toughness

The individual and average compact tension and short bar fracture

toughness values, as well as average NTS/YS ratios, of B201-T7 are shown in

Table 53. The short bar test specimens were excised from the broken compact

tension specimens to provide a direct comparison of the two test methods. An

average KQ value of 39.4 ksiJin was obtained from compac.t tension testing,

which is similar to the average KIV value of 40.4 ksijin obtained from the

short bar test. The average KQ values for Foundries A, B, and C were 43, 29,

and 47 ksijin, respectively. The Foundry B toughness value was significantly

lower than for the other two foundries. From Table 53, it can be seen that

the yield strength of the Foundry B material is higher than that from

Foundries A and C, indicating that it may have been overaged. The lower

NTS/YS ratio is in agreement with the fracture toughness data. One of Foundry

3's fracture toughness specimens was fractographically examined but no clear

explanation for the low values was obtained.
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TABLE 53. B201-T7 FRACTURE TOUGHNESS AND NOTCHED TENSILE STRENGTH DATA

FRACTURE TOUGHNESS (ksijin)

NTS YS

FOUNDRY KQ KIV* (ksi) (ksi) NTS/YS

A 46 56 92.7 57.7 1.62
39 41 88.6 57.2 1.55

B 27 27 81.5 62.5 1.37

32 31 84.8 65.8 1.29

C 49 43 90.7 60.3 1.50
46 44 86.0 60.1 1.44

AVERAGE 40 40 87.3 60.6 1.46

* Short bar test
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Invalid KQ results were obtained for all the compact tension tests due

to excessive crack front curvature, similar to the water-quenched D357-T6

specimens (Section 7.3.5).

Individual specimen data and the relationship between fracture

toughness and yield strength is shown in Figure 45. The fracture toughness

decreased with increasing yield strength and ranged from 27 to 46 ksijin. The

corresponding short bar results ranged from 27 to 58 ksijin.

7.4.6 Stress Corrosion

Stress corrosion tests were conducted on B201 from all three

foundries. Direct tension, alternate immersion tests were conducted;

specimens were exposed to a 3.5 percent NaCl solution for 30 days at 75

percent of the material yield strength. No failures were experienced after

the 30 day exposure, indicating that each plate had been heat treated to the

T7 (overaged) condition.

7.4.7 Equivalent Initial Flaw Size Analysis

The method for determining the equivalent initial flaw size was

described in Section 7.2.3.1. The calculated values for individual specimens

excised from material from each of the three foundries are shown in Table 54,

along with the fatigue life and maximum applied stress. Testing of specimens

that did not fail after 5x10 6 cycles was terminated and an EIFS was not

calculated.

The data indicate that the EIFS for material from Foundry A is less

than that for Foundries B and C. This is consistent with the stress-life

fatigue data shown in Figure 41; the results for Foundry A material are at the

higher end of the overall data band. Data for Foundries B and C are similar.
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TABLE 54. B201-T7 EQUIVALENT INITIAL FLAW SIZE DATA

MAXIMUM CYCLES TO
STRESS FAILURE EIFS

FOUNDRY (ksi) (x!0 3 ) (INCH)

A 40 187 0.0037
45 309 0.0014
30 5,000* --
20 5,000* --

Avg. 0,0025

B 25 39 0.0111
30 28 0.0404
35 188 0.0067
20 5,000* -

Avg. 0,0194

C 40 16 0.0289
20 118 0.0086
20 573 0.0160
30 168 0.0118
15 5,000* -

Avg. 0.0163

* No failure

171



The EIFS data were then analyzed as described in Section 7.2.3.3 to

determine the maximum inherent rogue flaw size (99.9 percent probability and

95 percent confidence) that should be used to design a cast DADT critical

component to a specific life. The data are presented as a Weibull

distribution in Figure 46. For B201-T7, the maximum flaw size was determined

to be 0.042 inch, which is less than the 0.050-inch flaw that is typically

assumed for damage tolerance analysis [15]. A flaw of this size can be

detected in material up to about 4 inches thick by X-ray radiography using I

percent sensitivity. Based on this information, Grade B or better B201-T7

castings up to the maximum thickness evaluated under the DADTAC program (1.25

inch) can be considered for use in a damage tolerance design.

The fracture surfaces of the fatigue specimens were examined to

determine the size of the crack initiation sites. A comparison of these

measured values and those derived from the EIFS analysis is shown in Table 55.

The measured values were obtained by determining the semicircular area within

which the flaw would fit, with the center of the semicircle on the surface of

the specimen. The derived values are within an order of magnitude of the

measured values. Discrepancies between the measured and derived values are

probably due to the inability to accurately account for the effects of the

shape and orientation of the crack initiation sites as discussed in Section

7.3.6.

7.4.8 Effect of HIPing on Porosity

HIPing was shown [12] to improve the mechanical properties of A201-T7,

particularly fatigue life and, consequently, all cast B201 plates evaluated

during the DADTAC program were similarly HIPed. To ensure that the cast B201

verification plates had been HIPed, the amount of porosity present in 10 B201

plates was determined using the FAI method (Section 4) both before and after

HIPing. The average porosity before HIPing was 0.34 percent (range 0.2 to 0.8

percent); after HIPing, porosity was reduced to 0.08 percent (range 0 to 0.2

percent) i.e., a reduction of about 75 percent.
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TABLE 55. COMPARISON OF PREDICTED AND MEASURED EQUIVALENT
INITIAL FLAW SIZE FOR B201-T7

EIFS (in)
SPECIMEN

PREDICTED MEASURED

V156 0.0037 0.0025
V256 0.0111 0.0037
V355 0.0118 0.0366
V356 0.0086 0.0316
V357 0.0160 0.0075
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7.5 CONCLUSIONS

0 Tensile properties of the verification material were similar to

those of the screening plates.

The fatigue crack growth rates of D357-T6 and B201-T7 castings are

similar, but are slightly slower than those of 7075-T7351.

"* Based on an evaluation of the smooth fatigue (Kt - 1..0) specimen

fracture surfaces, the overall fatigue life, and the FCCR, crack

initiation occurs sooner in castings than in 7075-T7351 due to the

presence of inherent defects.

" The equivalent initial flaw size tor D35/-T6 (0.036 inch) and

B201-T7 (0.0,42 inch) is less than the value assumed for wrought

alloys (0.050 inch). Therefore, for castings up to 1.25 inch

thick, these alloys can be considered for damage tolerance

applications based on the existing damage tolerance specifications

(MIL-A-83444 and MIL-A-87221).

" The average fracture toughness (KQ) of D357-T6 was adequate

(24 ksi/in). Though the overall average value for B201-T7 was

excellent (40 ksi.in), there was significant variability in the

average value for each foundry, ranging from 29 to 47 ksi~in.

"o The agreement between the compact tension and short bar fracture

toughness test results was excellent.
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SECTION 8

PHASE T, TASK 3 - EFFECT OF MICROSTRUCTURE AND DISCONTINUITIES

ON MECHANICAL PROPERTIES

8.1 INTRODUCTION

Prior to Task 3 of Phase I, emphasis was on defining the product and

pr:-cess parameters that provide the best balance of mechanical properties for

both D357-T6 and B201-T7 (Grade B or better). The objective of Task 3 was to

determine the effect of intentionally introduced defects (D357-T6 only),

nonoptimum inicrostructure (D357-T6 and B201-T7), and weld repair (D357-T6) on

mechanical properties. Cast plates, 16 x 6 x 1.25 inch, were made by Alcoa

(D357-T6) and Hitchcock Industries (B201-T7).

To determine the effect of defects on properties. the initial goal was

to cast D357-T6 plates that contained gas porosity, shrinkage porosity, and

foreign material at grades ranging from A/B (essentially defect-free) to C.

However, the material produced ranged from Grade A/B to Grade D (Section

8.2.2). For the effect of microstructure on properties, D357-T6 and B201-T7

plates with an excessively coarse microstructure were produced. The alloys

were held within the AMS 4241 and 4242 composition specifications,

respectively, and heat treated the same as the verification plates, with which

the test data were compared.

The process parameters for producing the defect-containing and poor

microstructure plates were maintained as close as possible to those used for

making the Phase I, Task 2 verification material. However, some deviations

were necessary to intenticnally introduce additional defects or produce a

coarse microstructure (Section 8.2.1).

To determine the effect of weld repair on the mechanical properties of

Grade B D357-T6 plates, grooves were machined in the Alcoa-produced plates

coincident with the gage sections of the various specimens to be excised from

the plates. The grooves were then repaired by Alcoa using D357 filler wire

(without silicon modifier) and standard commer,,`•! welding procedures.
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Further details regarding the defect-containing, coarse microstructure,

and weJd-repaired plates are contained in Section 8.2.

Because of the large volume of data obtained during this Task, in most

instances average property values are presented in this section. The

individual test results are included in Appendices E, F, and G.

8.2 EXPERIMENTAL PROCEDURES

8.2.1 Production of Castings

8.2.1.1 Effect of Defects

The goal was to produce D357-T6 plates containing gas porosity,

shrinkage porosity, and less-dense foreign material at Grades B and C, as well

as essentially defect-free materiai (Grade A/B), while maintaining the

composition and DAS to be the same as the verification material. The rigging

for producing the castings was the same as that used by Alcoa for the Task 2

verification plates (Figure 20). Grade B or better material was produced

using standard foundry procedures for aerospace grade castings. To produce

lower quality material (Grade C or worse), the following methods were

employed.

Gas Porosity. The melt was not degassed.

Shrinkaae Porosite. The chills were coated with excessive amounts of

Silocel mold wash (0.030 to 0.040 inch), which is an insulator and therefore

reduces heat transfer, leading to non-directional solidification and the

formation of shrinkage porosity.

Less-Dense Foreign Material. Molten metal, including the A12 0 3 dross on

the surface, was poured down the t':ps of the risers.

Six plates of each of the defects and grades shown in Table 56 were

produced. Each plate was evAluated hy X-ryc, bnth b ý A1no• aii6 independcntly

by a commercial radiographic facility, according to MIL-A-2175.
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TABLE 56. NUMBER OF PLATES PRODUCED FOR. EACH

DEFECT/GRADE COMBINATION

DEFECT

GAS SHRINKAGE FOREIGN WELD
GRADE NONE POROSITY POROSITY MATERIAL REPAIR

A/B 6 -- -- 6

B -- 6 6 6

C-- 6 6 6
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All plates were solution treated at 1015'F for 1.5 hours and quenched in

room temperature water, They were then artificially aged for 6 hours at

335±5'F, the same heat treatment conditions used for the Task 2 verification

plates to achJ.eve the AMS 4241 tensile property requirements.

8.2.1.2 Nonoptimum Microstructure

The average D357-T6 DAS and B201-T7 grain size for the water-quenched

Task 2 verification plates was 0.0014 inch and 0.0030 inch, respectively. To

determine the effect of nonoptimum microstructure on mechanical properties,

D357-T6 and B201-T7 plates with coarse microstructures were pruoduced.

For D357-T6, Alcoa initially produced plates using Fe chills instead of

the Cu chills that were used for the verification material. However, these

plates had a DAS of 0.0015 inch which was the same as thti verification

material. Additional plates were then made employing mold walls coated with

about 0.04 inch of Silocel mold wash to reduce the solidification rate. Also,

the silicon modifier was omitted. These plates had a DAS of 0.0029 inch,

which was almost twice that of the verification material, and were used to

evaluate the effect of nonoptimum microstructure on mechanical properties.

No minimum mechanical property specifications were provided to the

foundry. The D357-T6 plates were heat treated as described above for the

defect-containing plates.

For B201-T7, a coarse microstructure was achieved by the nonoptimum

(early) addition of the titanium grain refiner prior to pouring, and by the

use of Fe chills and a low pouring temperature to provide a slow

solidification rate. An average grain size of 0.011 inch (Section 8.5.2) was

obtained for these plates.

No minimum mechanical property specifications were given to the

--foundries. The B201-T7 plates were heat treated and HIPed as described in

Section 7.2.1.2.
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8.2.1.3 Weld Ropair of D357

Six D357 plates identical to the Phase I, Task 2 verification material

were produced (Section 7) by Alcoa. The layout of specimens to be excised

from the plates was determined and the plates were sectioned and welded so

that approximately a 1-inch-long portion of the gage section of each tensile

and fatigue specimen comprised a significant amount of weld repaired material.

For the compact tension (C(T)) fracture toughness and fatigue crack growth

specimens, the plates were welded so that there was a 1-inch-wide strip of

weld-repaired material behind the notch afte- final machining. The strip was

the full thickness of the specimen and ran from the notch to the specimen edge

so that failure occurred in 100 percent weld-repaired material.

The welding was carried out by Alcoa using D357 filler wire (without. Si-

modifier) and the standard procedures for production castings. After welding,

the plates were heat treated according to the procedures described in Section

7.2.1.1. The soundness of the welds was confirmed by radiography according to

MIL-A-2175 to be Grade A/B, i.e., essentially defect-free.

8.2.2 Test Procedures

Upon receipt of the D357-T6 plates that contained the intentionally-

added defects, the soundness was determined by radiography. In addition,

several areas of each plate were evaluated using the FAI technique described

in Section 4 to aid in specimen layout and to provide data fnr comparison to

previous FAI results. Based on the X-ray and FAI data, specimens were

machined from the plates with the intention of obtaining equal numbers of

specimens for each required grade/defect combination. Each specimen was then

individually radiographed to determine if, after machining, the grade and

dafe-t(s) present were the same as those intended. In many cases, the

grade./defect combination of the machined specimens changed, sometimes

significantly. This was particularly true for specimens mchiined from plates

containing shrinkage porosity and foreign material, because these types of

defect preferentially formed at the plate surfaces. As a result of chaniges inl

the grade and defect following machining, there was an imbalance between the

numbers of specimens of each grade/defect combination available for testing.
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At all grade levels, specimens that contained gas porosity were most:

prevalent. A smaller number of specimens that contained shrinkage porosity

were obtained. Because a majority of the foreign material was located at the

surface of the plates and was unavoidably machined away during specimen

preparation, only a few less-dense foreign material specimens were available.

This distribution of the number of specimens resulted in a large data base for

gas porosity, with fewer data for shrinkage porosity and even fewer for

foreign material. However, the distribution is representative of normal D357-

T6 production; that is, gas porosity is the most commonly observed defect.

After machining, only a limited number of Grade A/B specimens were

obtained, Because all of the specimens were thinner than the plates (1.25

inch), some of the defects that were not detected in the plates by radiography

were revealed in the specimen X-rays. Consequently, the specimens could not

be rated as Grade A/B.

The composition of the plates was determined by Inductively Coupled

Plasma (ICP) analysis to confirm the foundry melt analyses. The DAS of the

D357 plates was measured using a line intercept method [61, and the silicon

particle morphology was evaluated using an Omnicom 3500 image analyzer.

Specimens were excised from random locations throughout the plates.

The final test matrix for determining the effect of defects on the

mechanical properties of D357-T6 is shown in Table 57. The X-ray ratings are

Dased on results for the individual specimens, not the plates from which they

were excised. The test matrix for determining the effect of a 'carse

microstructure on the mechanical properties of D357-T6 and B201-T7 is shown in

Table 58. The tests were conducted according to the specifications shown in

Table 43.
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TABLE 57. NUMBER OF TESTS PERFORMED TO DETERMINE TilE EFFECT
OF DEFECTS ON THE MECHANICAL PROPERTIES OF D357-T6

TYPE AND NUMBER OF TESTS
S/N CONST. SPECTRUM

DEFECT/ FATIGUE AMPL. FATIGUE FRACTURE
GRADE LEVEL TENSILE (Kt - 1) FCGR* LIFE TOUGHNESS

Grade A/B 15 6 2 -- 3

Grade B

Gas Porosity 8 16 4 2 3
Shrinkage Porosity 10 II -- 1 3
Foreign Material 3 5 1 -- --

Grade C

Gas Porosity 12 15 2 4 2
Shrinkage Porosity 3 5 -- -- 1
Foreign Material 3 2 -- -- --

Grade D

Gas Porosity 3 11 4 3 --

Weld Repair 6 8 3 3 3

Total Number
of Tests 63 79 16 13 15

* Constant amplitude fatigue crack growth rate
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TABLE 58. NUMBER OF TESTS PERFORMED TO DETERMINE THE EFFECT OF
NONOPTIMXU14 MICROSTRUCTURE ON THE MECHANICAL PROPERTIES
OF D357-T6 AND A201-T7

TYPE AND NUMBER OF TESTS

S/N S/N CONST. SPECTRUM
FATIGUE FATIGUE AMP. FATIGUE FRACTURE

ALLOY TENSILE (Kt - 1) (Kt - 3) FCGR* LIFE TOUGHNESS SCC**

D357-T6 9 8 8 2 2 2 --

B201-T7 10 7 9 2 2 2 3

Total 19 15 17 4 4 4 3

* Constant amplitude fatigue crack growth rate

•* Stress corrosion cracking
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8.3 EFFECTS OF DEFECTS ON THE PROPERTIES OF D357-T6

8.3.1 Composition

A total of 48 plates were cast by Alcoa from ten different melts.

Material that contained a range of specific defects, including essentially

defect-free material, and plates for weld repair were produced. The

composition of each of the melts and the specification range for each element

are listed in Table 59. With the exception of one melt (571374 - low Ti),

from which some of the tensile and other specimens were excised, all elements

were within specification. The silicon particle morphology was modified using

Na.

The specimens from plates made from melt 571374 (identified as D41-D45)

were tested and included in the data base because a) all the microstructural

characteristics of these plates were similar to those of the verification

material, and the same as the other defect-containing plates, and b) there

would have been a shortage of material for testing had these plates been

rejected. Ti is added to D357 to assure grain refinement. A fine

microstructure was observed in plates D41-D45, indicating that the lower Ti

level did not have an adverse effect. All the results for specimens excised

from plates D41-D45 are shown in Appendix E, along with data for all the other

plates. Some of the tensile results for plates D41-D45 were below

specification (Appendix Tables E2, E3, and E4). However, this was also

observed for specimens containing the same defect type/grade excised from

other plates.

8.3.2 Microstructure

The mi-rostructure of the D357-T6 defect-containing plates was

characterized using optical microscopy and image analysis. Typical examples

of gas porosity, shrinkage porosity a.-d less-dense foreign material ob .rved

in D357-T6 are shown in Figures 10, 11, and 12.
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TABLE 59. COMPOSITION OF D357 WITH INTENTIONALLY-ADDED DEFECTS

MELT COMPOSITION (WT %)

LOT NUMBER Fe Si Mg Ti Mn Be Na Al

571252 0.08 6.9 0.6 0.14 0 0.05 0.005 Bal.

571253 0.09 6.9 0.6 0.13 0 0.05 0.002 Bal.

571254 0.08 6.8 0.6 0.14 0 0.06 0.007 Bal.

571256 0.08 7.0 0.6 0.14 0 0.06 0.005 Bal.

571257 0.08 6.8 0.6 0.14 0 0.05 0.005 Bal.

571258 0.08 6.9 0.6 0.11 0 0.07 0.004 Bal.

571259 0.08 6.9 0.6 0.11 0 0.07 0.004 Bal.

571260 0.09 7.0 0.6 0.15 0 0.05 0.004 Bal.

571261 0.09 7.0 0.6 0.15 0 0.05 0.004 Bal.

571374 0.08 7.3 0.6 0.07* 0 0.06 0.001 Bal.

AMS 4241 Specification Range

<0.12 6.5 0.55 0.10 <0.10 0.04 ** Bal.
-7.5 -0.6 -0.20 -0.07

* Out of specification

** Not specified in AMS 4241; however, amouncs used are within the 0.05 wt
limit set for "other" elements. Alcoa was requested to maintain the Na
between 0.001 and 0.01%
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TABLE 60. DAS AND Si PARTICLE MORHiOLOGY DATA FOR THE PHASE I,
TASK 3 DEFECT-CONTAINING D357 PLATES

SILICON PARTICLE MORPHOLOGY

DEFECT DAS AREA SPACING ASPECT POROSITY
(GRADE) (inch) (Um2 ) (,U1) RATIO (%)

None
Grade A/B 0.0013 16 60 1.8 0

Gas Porosity
Grade B 0.0019 17 56 1.9 1.i
Grade C 0.0017 16 63 2.0 1.7

Shrinkage Porosity
Grade B 0.0015 19 60 1.7 0.8
Grade C U.0015 19 64 1.9 1.7

Foreign Material
Grade B 0.0012 16 56 2.0 1.6
"Grade C O.G012 15 64 1.8 0.6

Weld Repair k 35 20 1.8 0

Verification
Material 0.0014 16 44 1.6 0.03

• Very fine microstructure; DAS could not be measured
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tested. The evaluation was conducted prior to mnachining the specimens because

the circular cross-section of many of the specimens would influence the

accuracy of the result (Section 4.4.5).

The results of the FAI investigation are showr in Table 61. Three to

five plates were evaluated for each grade. Approximately 10 readings per

plate were taken. The values shown in Table 60 are the average of 30 to 50

individual measurements. For both gas porosity and shrinkage porosity the

average pore radius and percent porosity for Grade B material are both lower

than those for Grade C, indicating a good qualitative correlation. The trend

was not observed for the foreign material. These trends are typical of those

seen during the Phase I, Task I FAJ evaluatiort (Section '4.4.3), though the

average pore radius and percent perosity values were not !The same as those in

Task i (Table 7), With the exception of c.esults obtained for Grade D

shrinkage porosity m-lterial, the average values for both parameters were

higher for the Task 3 measurements than for those made in Task 1. Also, for

shrinkage pcrosity, the differences between the Grade B and C radius and

between Grade B and C percent porosity values were much greater in Task 3 than

in Task 1.

The percent porosity values (Table 61) for gas porosity and foreign

material are very similar to those obtained by image analysis (Table 60) for

the same grades (1.2 percent versus 1.1 percent and 1.8 percent versus 1.7

percent for Grades B and C gas porosity, respectively; 1.8 percent versus 1.6

percent and 0.7 percent versus 0.6 percent for Grades B and C foreign

material, respectively). The comparison for shrinkage porosity was

qualitatively good, i.e., the values for Grade B were higher than those for

Grade C. However, the quantitative agreement was poor. As discussed in

Section 4, this is probably due to the fact that, unlike gas porosity,

shrinkage porosity is not spherical.

The good quantitative agree3ment between the FAI arnd image analysis

results for plates that contained foreign material almost certainly reflects

the background gas porosity present in that material rather than tile isolated

dross particles that were observed. As discussed in Section 4, the FAI

approach needs to be modified to be able to adequately accommodate foreign

material.
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TABr.E 61. FAI DATA FOR THE PHASE I, TASK 3 DEFECT-CONTATNING D357-T6 PIATES

FAI RESULTS

AVG. POROSITY AVG. PORE R,\DIUS
X-RAY GRADE (%) (pim)

A/B <0.1* *

Gas Porosity
Grade B 1.2 130
Grade G 1.8 161

Shrinkage Porosity
Grade B 1.4 126
Grade C 2.4 190

Foreign Material
Grade B 1.8 138
Grade C 0.7 81

* Below the level of detection
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The excellent correlation for gas porosity is encouraging. However,

because the absolute values obtained for Tasks 1 and 3 material were widely

different, further work beyond the scope of the current program is required.

The average hydrogen content of Task 3 plates that contained Grades B, C

and D gas porosity was 1.3, 1.4, and 1.8±0.3 ppm, respectively. The hydrogen

content increased with decreasing soundness, as would be expected.

8.3.4 Tensile Properties

The tensile property data for material that contained different types

and amounts of intentionally-added defects are summarized in Table 62. As

discussed in Section 8.2.2, the gage section of each tensile specimen was

radiographically graded. Average values and ranges for ultimate and yield

strengths and percent elongation are given for each defect/grade combination.

In many cases, test results, particularly the elongation, were below the

values specified in AMS 4241. The data for the verification material

evaluated in Task 2, Phase I (Section 7.3.3) are shown for comparison. The

number of specimens that failed to meet the AMS 4241 property requirements is

shown in Table 63.

Though adjustments were made to the manufacturing process to obtain

material that contained different defects, the microstructure of all the

plates was similar to the verification material (Table 60) and therefore

comparison of results exhibited by the various defect/grade combinations

should be meaningful. Some general observations are summarized below.

"* The average properties are highest for Grade A/B, weld repair (also

rated Grade A/B by radiography), and Grade B foreign material

"" Only 48 percent of the specimens attained the minimum elongation

specification (3 percent)

" All specimens met the 40 ksi minimum yield strength requirement

(40 ksi)
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TABLE 62. D357-T6 TENSILE PROPERTIES VS. DEFECT TYPE AND GRADE

UTS (ksi) YS (ksi) El (%)

DEFECT/GRADE AVG. RANGE AVG. RANGE AVG. RANGE

Baseline
Grade A/B (15)* 54 53-55 48 47-48 3.9 1.1-5.0

Gas Porosity
Grade B (8) 51 47-52 45 42-46 3.3 2.1-4.3
Grade C (12) 50 49-53 45 43-47 2.1 0.9-4.1
Grade D (3) 49 48-49 44 44-45 1.5 1.3-1.7

Shrinkage Porosity
Grade B (10) 51 50-53 46 44-48 2.7 1.5-7.9
Grade C (3) 51 50-51 46 45-46 2.9 2.2-3.9

Foreign Material
Grade B (3) 54 51-55 46 45-48 4.6 3.1-7.5
Grade C (3) 51 45-52 44 41-46 2.4 1.2-4.7

Weld Repair
Grade A/B (6) 55 54-56 47 46-48 5.1 3.5-8.0

Verification Material 53 50-55 45 44-48 5.0 3.0-8.5

* The numbers in parentheses show the nunber of tests performed
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TABLE 63. D357-T6 TENSILE TEST RESULTS OUT OF SPECIFICATION*

RESULTS OUT OF SPECIFICATION

TOTAL UTS YS El
NO.
OF

DEFECT/GRADE TESTS No. (%)** No. (%) No. (%)

Phase I. Task 3

Baseline
Grade A/B 15 0 (0) 0 (0) 4 (27)

Gas Porosity
Grade B 8 2 (25) 0 (0) 3 (38)
Grade C 12 3 (25) 0 (0) 10 (83)
Grade D 3 3 (100) 0 (0) 3 (100)

Shrinkage Porosity
Grade B 10 1 (10) 0 (0) 9 (90)
Grade C 3 3 (100) 0 (0) 2 (67)

Foreign Material
Grade B 3 0 (0) 0 (0) 0 (0)
Grade C 3 1 (33) 0 (0) 2 (67)

Weld Repair
Grade A/B 6 0 (0) 0 (0) 0 (0)

Total 63 13 (21) 0 (0) 33 (52)

Verification Material*** 48 1 (2) 0 (0) 17 (35)

* AMS 4241 (50/40/3)
** Percent of total number of test results that were out of

specification
*** Water quenched material only

194



Seventy-nine percent of specimens met the minimum ultimate tensile

strength requirement (50 ksi)

For the defect type that was most rigorously evaluated (gas

porosity), a correlation appears to exist between percent

elongation and grade level. The average elongation value decreased

(Table 62) and the percentage of specimens that did not meet the

minimum requirement increased (Table 63) as the soundness

deteriorated from Grade B to Grade D.

A breakdown of the tensile data as a function of grade is shown in Table

64. The percent of data that met the AMS 4241 specification is shown

irrespective of the type of defect present. A clear correlation is evident;

the reduction from 94 percent for Grade A/B to 33 percent for Grade D

indicates that, in general, properties degrade with decreasing soundness. The

data for the initial Grade B Task 2 verification plates are also included for

comparison (87 percent of the test results met the AMS 4241 specification).

If the verification plates that were remade by Foundry C are included, th•

number meeting AMS 4241 specification increases to about 95 percent. This

stLll falls short of a 100 percent success rate, which was the goal for the

verification material.

Two specimens were selected for fractographic analysis to try to

determine if there were any microstructural characteristics that were

responsible for the low ductility values. The specimens were from plates D30

(Grade B gas porosity) and D32 (Grade B shrinkage porosity). The specimtn

from plate D30, which had a 2.1 percent elongation, showed no unusual features

compared with a similar specimen (from plate D70) that had a 4.3 percent

elongation. However, a Grade B shrinkage porosity specimen from plate D32

exhibited extensive porosity and an oxide inclusion at the edge of the

specimen, which probably contributed to the low ductility.

From Table 63 it is evident that most of the specimens that failed to

meet the AMS specification exhibited low percent elongation. Coupled with the

fact that all specimens significantly exceeded the minimum yield strength

requirement (40 ksi) it is possible that the aging treatment, which was the
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TABLE 64. D357-T6 TENSILE PROPERTY I)ATA WITHIN THE AMS 4241 SPECIFICATION(')

DATA MEETING
NO. OF MINIMUM REQUIREMENTS

GRADE TEST RESULTS(l) (%)

A/B( 2 ) 63 94

B 63 76

C 54 61

D 9 33

Verification Material 144 87

(1) The ultimate and yield strengths, and percent clongation
are counted as three separate data points

(2) Including weld repair data, which was Grade A/B
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same as that used for the Task 2, Phase I, verification material, w,'.; not..

optimum for the defect-containing plates. The correlation shown in Table 64

should still be valid, but with optimized agirg treatment the percentage of

data points that meet the specification minimum, particularly the elongation,

would probably be increased for each grade.

8.3.5 Fatigue Properties

8.3.5.1 Stress-Life

The stress-life (Kt - 1.0) data for D357-T6 containing gas porosity,

shrinkage porosity, foreign material, or weld repair are shown in Figures 48

through 51. Typical data for 7075-T73, a comnonly-used wrought aluminum

alloy, are also shown for comparison. The data points for all four of the

defect categories fall within the same broad band. However, as is shown most

clearly for gas and shrinkage porosity, the fatigue life data for Grades C and

D form a tighter band than for Grade B and also fall at, or slightly below,

the lower edge of the Grade B values. The Grade A/B data fall along the upper

edge of the scatter for Grade B gas and shrinikage porosity material.

The above data suggest that, for Grade C or worse, the defects are

sufficiently large and/or occur at a frequency that shortens the fatigue life.

For Grade B some of the defects are sufficiently small so that fatigue crack

initiation occurs later for a given stress. However, the lowest fatigue life

is very similar for all the defect/Grade B-D combinations.

The results for essentially defect-free material (Grade A/B) are shown

in Figures 48-51. These specimens were smaller (0.25-inch-diameter gage

section) than the standard specimen used throughout the program (0.5 inch

diameter) because of the shortage of Grade A/B material. It was recognized

that the smaller specimen might influence the results, possibly increasitig the

fatigue life because the chance of a defect occurring at the specimen surface

would be decreased due to a reduction in the surface area of the gage length,

Conversely, the fatigue life could possibly be decreased because a defect of

given size would represent a larger percentage of the cross sectional area.

To assess the possibility of the fatigue life being affected, some small Grade

B gas porosity specimens were also tested. The results, which are plotted ini
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Figure 52, indicate that the fatigue life for Grade A/B material is still

better than that for Grade B gas porosity. Thus, the overall conclusion that

the fatigue life deteriorates progressively as the soundness is reduced from

Grade A/B to Grades C and D is valid,

Nine of the defect-containing fatigue specimens were fractographically

analyzed to determine details of the crack initiation site. Seven of the

specimens were determined by radiography to contain either gas porosity (3

specimens) or shrinkage porosity (4 specimens). The other two specimens were

weld repaired or contained foreign material. Porosity was found at the

initiation site of six of the gas porosity and shrinkage porosity specimens

and aL the initiation site of the weld repair specimen. Inclusions were

observed at the initiation sites of the foreign material specimen and one of

the shrinkage porosity specimens. All the defects at the initiation sites

were located at the specimen surface.

8.3.5.2 Fatigue Crack Growth Rate

Constant amplitude fatigue crack growth rate (FCGR, data were obtained

for Grades B, C, and D gas porosity, Grade B foreign material, Grade A/B, and

weld repair (also Grade A/B) material. Specimens were machined for other

grade/defect combinations but X-ray radiography indicated that the defects

were not located along the line that the crack would propagate during testing;

consequently, these specimens were not tested. The FCGR data are shown in

Figures 53-58, and are presented as a band covering all the specimens that

were tested. The numbers of specimens tested are indicated in each figure.

There was no significant difference between the FCGR behavior for the

various grade/defect combinations. For some materials, the barl was wider

than for others, but the data were generally scattered about the mean for the

Phase I, Task 2 verifikation material. For Grade D gas porosity material, the

band was significantly wider in the high AK region than for any other material

(Figure 55). Overall, the FCCR is slower than that for 7075-7351 [22], a

wrought aluminum alloy used for aerospace applicaLions, except in the high AK

region, which reflects the fact that the fracture toughness of 7075-T1351 is

higher than that of D3357-T6.
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8.3.5.3 Spectrum Fatigue Life

A small number of fatigue tests were conducted under spectrum loading to

determine if there were any trends that were not observed during constant

amplitude load testing. An F/A-18 aircraft wing root spectrum was selected,

and a flat specimen with a hole in the center of the gage section (Figure 15)

was used. The data are presented in Table 65 for gross maximum stress of

"> ksi. There was a significant amount of data scatter, but one clear trend

that emerged is that the life for the Grades C and D specimens was much lower

than for the Grade B or weld repair (Grade A/B) material.

8.3.6 Fracture Toughness

The fracture toughness data for D357-T6 that contained a range of

different types and amounts of defect are shown in Table 66, Invalid KQ

values were all due to excessive crack front curvature, which is often

observed in castings due to residual stresses incurred during quenching. The

best fracture toughness values were obtained for Grade A/B and weld repair

(also Grade A/B) materials, with weld repair being the highest (32 ksijin).

Values for Grades B and C gas and shrinkage porosity were very similar to the

Grade B verification material evaluated during Phase I, Task 2.

8.4 EFFECT OF NONOPTIMUM MICROSTRUCTURE ON THE PROPERTIES OF D357-T6

8.4.1 Composition

A total of seven plates was cast by Alcoa to provide material that had a

coarse, nonoptimum microstructure. Of these seven plates, only two had a

microstructure and DAS that were significantly different from the verification

material (Section 8.2.1.2). These two plates were used for the evaluation of

nonoptimum microstructure. The composition of the melt from which the two

plates were produced is shown in Table 67. A silicon modifier was not used.

The plates were Grade B.
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TABLE 65. SPECTRUM(l) FATIGUE DATA FOR DEFECT-CONTAINING D357-T6

AVERAGE LIFE( 2 ) NO. OF
DEFECT/GRADE (XI000 FLIGHT HOURS) TESTS

Grade B
Gas Porosity 38 2
Shrinkage Porosity 45 1

Grade C
Gas Porosity 7 4

Grade D
Gas Porosity 8 3

Weld Repair 31 3

Verification Material 16 2

(1) F/A-18 wing root spectrum (F18C2)
(2) 32 ksi gross maximum stress
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TABLE 66. AVERAGE FRACTURE TOUGHNESS OF DEFECT-CONTAINING D357-T6

KIC in
GRADE/DEFECT (ksijin) (ksiin)

Grade A/B -- 27 (3)

Grade B
Gas Porosity 21 (1) 22 (2)
Shrinkage Porosity 20 (1) 24 (2)

Grade C
Gas Porosity 22 (1) 23 (1)

Shrinkage Porosity 23 (1) --

Weld Repair -- 32 (3)
(Grade A/B)

Verification Material

Water Quench -- 24 (7)
Glycol Quench 22 (4) --

Note: The figures in parentheses denote the
number of specimens tested
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TABLE 67. COMPOSITION OF D357 WITH NONOPTIMUM MICROSTRUCTURE

COMPOSITION (WT %)

LOT
NUMBER

Si Mg Ti Fe Mn Be Al

571531 6,96 0.60 0.10 0.07 0 0.05 Bal

AMS 4241 Specification

6.5 0.55 0.10 <0.12 <0.1 0.04 Bal
-7.5 -0.6 -0.20 -0.07
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8.4.2 Microstructure

The microstructure of the nonoptimum D357-T6 was characterized using

optical, scanning and transmission electron microscopy (SEM and TEM), and

image analysis. The DAS and silicon particle morphology were determined and

are shown in Table 68, with those for the verification material produced in

Phase I, Task 2 for comparison. The nonoptimum material clearly had a much

coarser microstructure than the verification plates. An optical micýrograph of

a typical area is shown in Figure 59. A micrograph of the verification

material taken at the same magnification is shown in Figure 23.

A typical SEM micrograph is given in Figure 60 and reveals the presence

of two phases in the aluminum matrix. EDXA spectra of these two phases

identified the elongated phase as Si and the coarser, lighter constituent as

an Al-Fe phase. Both phases were observed in the verification material

(Section 7.3.2). However, the silicon particles in the nonoptimum material

are generally larger and more irregularly shaped (with a higher aspect ratio)

compared to the primary silicon in the verification plates. In addition, the

small (•0.2 micron) Si particles identified throughout the verification

material are observed far less frequently in the nonoptimum plates. As shown

in the TEM micrograph in Figure 61, a small, approximately 10-nanometer

precipitate phase was observed homogeneously distributed throughout the

primary silicon in the nonoptimum material. EDXA and selected area

diffraction (SAD) analyses of this phase, however, failed to reveal its

structure or composition. A SAD pattern generated from the precipitate phase,

Figure 62, reveals a crystallographic orientation with the aluminum matrix.

As in the verification material, long needle-shaped particles were also

observed in the nonoptimum plates (Figure 63). An X-ray map confirmed that

these particles contain Ti. X-ray mapping further revealed the presence of Si

along the surface of these particles, suggesting that silicon precipitates at

the interface between the particles and the aluminum matrix. The

stoichiometry of the needle-shaped phase could not be determined from SAD

patterns. Attempts to locate an Mg-Si strengthening phase (e.g., N1g2 Si) using

SAD analysis were also unsuccessful. However, analysis of SAD patterns

obtained along the [OlI]A1 and [lII]A1 orientations suggest that the

strengtherting mechanism in this nonoptimum material consists of GP zones.
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TABLE 68. DAS AND Si PARTICLE MORPHOLOGY OF D357-T6 WITH
NONOPTIMUM MICROSTRUCTURE

SILICON PARTICLE MORPHOLOGY

AVERAGE
DAS AREA SPACING ASPECT

MATERIAL (10-4 INCH) (pm 2 ) (pm) RATIO

Nonoptimum 29 95 90 2.2

Verification 14 16 44 1.6

- -, j~

1

p -

X50

Figure 59. D351-T6 With Nonoptim-Li Microstructure
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Figure 60. Backscatter SEM Micrograph of Nonoptirnum D357-T6

Figure 61. TEM Micrograph of' Nonopt mumi 1)357 -T6
Showing a Small lPrec i~i tate
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Figure 62. Selected~ Area Diffraction Pattern of the
Precipitate in Figure 61

Figure 63. TEM Micrograph of NonoptiMUm D357-T6 Showing
a Needle-Shaped Phase Containing Ti
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4.. 4 3 rens i I e Prope rt i es

The tensile properties ot D357-T6 with the nonoptimum microstructure are

shown in Table 69. The average arid all individual values for UTS and

elongation failed to meet the AMS 4241 specification requirements. The

average yield strength was within specification and was only 2 ksi lower than

the value obtained for the verification material. The lower properties for

the nonoptimum materials are presumed to be due to the presence of larger

silicon particles with a higher aspect ratio.

8.4.4 Fatiguei Proerties

8.4.4.1 Stress-Life

The stress life data (Kt = 1.0 and 3.0) for D357-T6 with nonoptimum

microstructure are shown in Figure 64. Data for 7075-T73 and the Phase I,

Task 2 verification material are also shown for comparison. The smooth

stress-life data (Figure 64a) for the D357-T6 with nonoptimum microstructure

fall close to or slightly below the lower boundary of the scatter for the

verification material. The no ched stress-life data are indistinguishable

from those of the verification data (Figure 64b). The overall conclusion is

that the smooth fatigue life is slightly reduced by coarsening the D357-T6

microstructure. The notched fatigue life is relatively unaffected.

8.4,4.2 Fatigue Crqck Growth Rate

Fatigue crack growth rate (FCGR) data were obtained and are presented in

Figure 65. The FCGR was the same as the verification material, i.e., slightly

slower than 7075-T7351, and was therefore unaffected by the coarse

microstructure.
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TABLE 69. TENSILE PROPERTIES OF D357-T6 WITH NONOPTIMUM MICROSTRUCTURE

UTS (ksi) YS (ksi) El (%)

MATERIAL AVG. RANGE AVG. RANGE AVG. RANGE

Nonoptinium 47 46-48 43 42-44 0.9 0.6-1,1

Verification 53 50-55 45 44-48 5.0 3.0-8.5
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8.4.4.3 Spectrum Fatigue Life

The fatigue life using an F-18 spectrum (F18C2) was determined at both

32 ksi and 40 ksi gross maximum stress. The fatigue life for these two stress

levels was 1456 and 144 flight hours, respectively. The value at 32 ksi was

significantly lower than the 15,931 flight hours obtained for the verification

material (Section 7.3.4.4), also tested at 32 ksi maximum stress. This result

indicates that the spectrum fatigue life may be reduced by the coarse,

nonoptimum microstructure.

8.4.5 Fracture Toughness

The average fracture toughness (two tests) of the nonoptimum

microstructure D357-T6 was 17.7 ksijin. Valid KIC values were obtained (17.1

and 18.3 ksijin). In comparison, the average value for the verification

material, 24 ksijin (KQ), is considerably higher. A comparison with data for

defect-containing material reveals that fracture toughness was affected far

more by coarsening the microstructure (large, high aspect ratio silicon

particles) than by introducing significant amounts of porosity (Grade C, Table

66).

8.5 EFFECT OF NONOPTIMUM MICROSTRUCTURE ON THE PROPERTIES OF B201-T7

8.5.1 Composition

Four 16 x 6 x 1.25-inch B201-T7 plates were cast from the same melt by

Hitchcock Industries to provide material that had a nonoptimum microstructure.

Details are included in Section 8.2.1.2. The composition of the plates

(foundry melt analysis), which is shown in Table 70, was confir- I by Northrop

to be within specification. The plates were evaluated by radiography and

determined to be Grade B or better.

8.5.2 Microstructure

The microstructure of the nonoptimum B201-T7 was initially characterized

using optical microscopy. A typical area is shown in Figure 66.
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TABLE 70. COMPOSITION OF B201-T7 WITH NONOPTIMUM MICROSTRUCTURE

COMPOSITION (WT %)

Cu Ag Mg Mn Ti Fe Si Al

4.8 0.68 0.30 0.23 0.21 0.02 0,03 Bal.

AMS 4242 Specification

4.5 0.40 0.20 0.20 0.15 0.05 0.05 Bal.
-5.0 -0.80 -0.30 -0.50 -0.35
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The average grain size of this material was 0.011 inch, which is more than

three times greater than that for the verification material (0.0032 inch).

The grain size range was 0.0085 to 0.013 inch. After determining that a

coarse, nonoptimum microstructure had been obtained, additional detailed

nmicrostructural analysis was undertaken using SEM and TEM methods.

Using SEM in the backscattered electron imaging mode, several

constituent phases were observed (Figure 67). Energy dispersive X-ray

analysis (EDXA) was performed on several phases, numbered 1 through 5 in

Figure 67. Phases 1 and 2 were rich in Cu and Al and are probably equilibrium

theta (Al 2 Cu). Phases 3 through 5 contained Cu, Fe, and Mn. Both types of

phase (1 and 2, 3 through 5) were detected in the verification material. EDXA

of the matrix (denoted as "Im" in Figure 67) showed the presence of Al and Cu,

as would be expected.

Further examination of the nonoptimum B201-T7 was conducted using TEM

and selected area diffraction (SAD). The main strengthening phase was

identified (Figure 68) and was determined by EDXA to be rich in Al and Cu.

Analysis of the diffraction data indicated that the strengthening phase is

theta prime (Al 2 Cu).

Typical grain boundary precipitates identified by TEM are shown in

Figure 69. The boundary contains a small precipitate surrounded by a

precipitate-free zone. EDXA of the grain boundary phase revealed the presence

of only Al and Cu, similar to the grain boundary phase observed in

verification material. The grain boundary precipitate is believed to be theta

or theta prime (AI 2 Cu).

Another phase observed throughout the microstructure of the nonoptimum

material is shown in Figure 70. It contained Al, Cu and Mn and was also seen

in the verification material. It's exact identity could not be determined.

Other phases observed in the verification material included a grain boundary

phase containing Al, Cu, Fe and Mn and a lath-shaped phase (composed of Al and

Cu) with a distinct orientation to the matrix.
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Figure 67. SEM Image of Nonoptimuni B201-T7 Showing Typical Constituent Pha~esq

Figure 68. Main Strengthening Phase in Nonoptimuxn B201-T7
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Figure 69. Typical Grain Boundary Precipitates in Nonoptimum B201-T7

Figure 70. Blocky Precipitate Commonly Observed in Nonoptimum B201-T7
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The above microstructural analysis suggests that, with the exception of

the large grain size, the microstructure of the nonoptimum B201-T7 was

essentially the same as that of the verification material evaluated under Task

2, Phase 1. Any mechanical property differences between the two materials can

therefore be attributed to the grain size difference, which was significant

(0.0032 irch versus 0.011 inch)

8.5.3 Tensile Properties

The tensile properties of B201-T7 with nonoptimum microstructure are

shown in Table 71. The average values for all three properties were slightly

lower than those for the verification material but were well above the A.S

4242 requirement of 60/50/3. Based on these data, it is therefore concluded

that the tensile properties are relatively insensitive to grain size. The

decrease in tensile properties observed for B201-T7 was much less than that

observed for D357-T6 (Section 8.4.3).

8.5.4 Fatigue Properties

8.5.4.1 Stress-Life

The stress-life (Kt = 1.0 and 3.0) data are shown in Figure 71 and are

compared with those for the verification material evaluated in Task 2 of Phase

I. The smooth and notched fatigue data points (Figures 71a and b) fall within

the scatter for the verification material. Thus, it is concluded that the

coarse microstructure did not significantly influence fatigue life.

8.5.4.2 Fatigue Crack Growth Rate

The constant amplitude fatigue crack growth rate (FCGR) data for the

nonoptimum microstructure B201-T7 are shown in Figure 72. Two tests were

conducted. The data coincide with the lower extreme of the scatter for the

verification material, indicating that the FCGR may be lower for the coarse,

nonoptimuin microstructure material. This is consistent with observaticais for

other alloys; a fine-grain material typically exhibits a more rapid FCGR than

does a coarse material.
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TABLE 71. TENSIL.E PROPERTIES OF B201-T7 WITH NONOPTIMUM MICROSTRUCTUR~E

UTS (ksi) YS (ksi) El (%) GRAIN SIZE (10-4 in)

MATERIAl. AVG. RANGE AVG. RANGE AVG. RANGE AVG. RANGE

Nonoptimum 65 64-68 59 58-61 6.9 3.3-11.0 110 85-130

Verification 68 65-73 60 54-66 8.4 6.5-11.0 32 26- 40
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8.5.4.3 Sjpectc.um Fatigue Life

Similar to D357-T6, the effect of coarse microstructur3 on spectrum

fatigue life was determined using an F-18 wing root spectrum (F18C2). At

gross maximum stress levels of 32 and 40 ksi, fatigue lives of 17,763 and

14,581 flight hours, respectively, were obtained. For the verification

material (Section 7.4,4.4), the fatigue lives were 26,762 and 14,731 flight

hours, respectively, at the same stress levels. The data indicate a decrease

in life at 32 ksi, but the decrease is much smaller than that observed for

D357-T6. Although the amount of data available is limited, it is concluded

that a coarse microstructure had little effect on the spectrum fatigue life of

B201-T7 at a stress of 40 ksi; a more significant effect was observed at

32 ksi.

8.5.5 Fracture Toughness

The average fracture toughness obtained for B201-17 with the nonopt~imum

microstructure was 46 ksijin. The average was based on two tests, both of

which yielded invalid KQ values because of excessive crack front curvature.

The individual results were 46.7 and 45.4 ksijin. The average fracture

toughne s for the verification material, which inLl,,des two values for

material made by Foundry B that were significantly lower than those for

material made by Foundries A and C, was 39.4 ksijin. The fracture toughness

of the coarse B201-T7 was within the scatter of the verification material. It

is concluded, therefore, that the large grain size did not influence fracture

toughness.

8.5.6 Stress Corrosion Crackinyg

Direct tension, alternate immersion SCC tests were conducted on the

nonoptimum B201-T7 to ensure that the material had been overaged to the T7

temper. One specimen from each of three plates was exposed to a 3.5 percent

NaCI solution for 30 days at a constant load equal to 75 percent of the yield

Strength No failures were experienced, indicating that each plate had beern

heat treated to the T7 condition.
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8.6 CONCLUSIONS

8.6.1 Effect of Defects on D357-T6 Mechanical Pronerties

The overall trends for the effect of defects on the mechanical

properties of D357-T6 are summarized in Table 72; the average properties for

the various defect/grade combinations are shown as a ratio with the average

verification material properties. The following conclusions are based on a

combination of Table 72 data and results descrLbed ii, Section 8.3.

* There was a correlation between soundness and tensile properties

that met the AMS 4241 specification minimum values (Table 64).

Ductility decreased with docreasing soundniess

* The best overall mechanical properties were exhibited by Grade A/B

(essentially defect-free) and weld repair material

* The fatigue crack growth zate was insensitive to the amount and

type of defect present irk D357-T6

* There was a significant difference in the fatigue life of Grade A/B

and Grades B, C and D D357-T6. The scatter band for Grade B was

wider than the other grades, spanning the gap between Grades A/B

and D

* Because the lower edge of the data scatter is the sanmE for Grades

B, C, and D, the fatigue life (Kt - 1.0) can only be improked by

achieving essentially def:-ct-free material ((Grade A/B)

The weld material, which had the finest microstructure, had the

highest fracture toughness (32 ksllin), followed by Grade A/B

(27 ksijin). The fracture toughness of Grades B and C gas and

shrinkage porosity material was the saaie (average 22 ksijin)

FAI ultrasonic inspection data showed the same qualitative trends

observed in Task I (Section 4) for porosity. However, the absolute

porosity and pore radius values were nigher

8.6.2 Nonoptimum r)357--T6

The ulti.atc, strength and ductility for the D357-T6 with the coarse

microvtructure and high DAS (0.0029 inc~h) were significantly lower

than for optirm.ized material
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TABLE 72. RATIO OF MECHANICAL PROPERTIES OF DEFECT-CONTAINING D257 AND
AVERAhGE VALUES FOR VERIFICATION MATERIAL

PROPERTY( 1 )

TENSION(
2 )

FRACTURE STRESS-LIFE

DEFECT/GRADE UTS YS El TOUGHNESS FATIGUE( 3 )

Grade A/B 1.02 1.07 0.75 1.13 14.0

Gas Porosity
B 0.96 1.00 0.63 0.92 0.89
C 0.94 0.93 0.40 0.96 0.50
D 0.92 0.98 0.29 -- 0.33

Shrinkage
B 0 96 1.02 0.52 0.92 1.00
C 0.96 1.02 0.56 0.96 0.44

Foreign Material
B 1.02 1.02 0.88 -- 0.61
C 0.96 1.02 0.46 -- 0.61

Weld Repair 1.04 1.04 0.98 1.33 1.16

(1) Ratio - Average value for defect/grade combination divided by
verification data average

(2) Water-quenched verification material
(3) Lower bound fatigue life (Kt - 1.0) at 30 ksi stress
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The constant amplitude fatigue life and crack growth rate of

nonoptimum D375-T6 were the same as that observed for the

verification material. However, limited spectrum fatigue life

testing indicated that the life was shorter than for the

verification material

"* The fracture toughness (17.7 ksijin) was about 25 percent lower

than the toughness of the verification material

" Overall, the observed property trends support the commonly accepted

view that the best balance of D357-T6 properties is obtained by

achieving a fine xicrostructure.

8.6.3 Nonoptimum B2DI-T_

There was no significant effect on any of the properties evaluated by

increasing the grain size of B201-T7 from 0.0032 inch to 0.011 inch.
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SECTION 9

PHASE I, TASK 4 - APPLICABILITY OF DADT SPECIFICATIONS TO ALUMINUM CASTINGS

9.1 INTRODUCTION

Upon completion of Phase I, Tasks I to 3 (Sections 4 to 8), an

assessment was made of the applicability of MIL-STD-1530A, MIL-A-83444, and

MIL-A-87221 specifications to premium quality aluminum castings based on the

data obtained in the program. MIL-STD-1530A defines the overall requirements

necessary to achieve structural integrity of USAF airplanes. Acceptance

methods of contractor compliance are specified and the appropriate detailed

specifications are listed, including MIL-A-83444 for damage tolerance.

Durability and damage tolerance requirements are described in MIL-A-87221,

which is a relatively recent specification.

9.2 DURABILITY AND DAMAGE TOLERANCE ASSESSMENT

Upon completion of Phase I, Task 3, two investigations that were

intended to promote the use of aluminum castings for durability and damage

tolerance applications had been completed. These were (1) an assessment of

the FAI NDI method for characterizing casting defects (Section 4) and (2) the

equivalent initial flaw size (EIFS) analysis (Section 7), which related

specifically to damage tolerance. Life predictions based on fatigue data

generated during the program were also initiated during Phase I, Task 4,

forming part of the durability analysis for aluminum castings. TIh, durability

analysis was completed later in the program and is discussed in its entirety

in Section 10.5; results from multihole specimens tested under spectrum

fatigue loading were used to compare actual and predicted fatigue lives. A

brief summary of the FAT method and the ETES analysis results and their

implications with regard to DADT specifications is included below. Details of

these and the durability analyses are described in the above-noted sections of

this report. An overall summary is included in Section 11.3.
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9.2.1 FAIAssessment

The FAI method was selected for evaluation 1,ecause it offered the

potential for providing a quantitative assessment of the typical defects found

in aluminum castings. Measurement of both average defect size and the volume

percent present in the casting is possible using this method. Improvement in

such measurements would facilitate the application of DADT specifications

because it is known that fatigue life is particularly dependent upon the type,

size, and distribution of defects present in a casting. The effects of

defects on mechanical properties was demonstrated in Task 3, confirming the

need for the best possible NDI methods so that advantage can be taken of the

inherent advantages of castings (e.g., cost reduction) for DADT applications.

It was shown (Sections 4.4 and 8.3.3) that there is a good correlation

between FAI results and X-ray and microstructure data for gas porosity but not

for shrinkage sponge or foreign material. It was concluded that, without a

significant amount of additional evaluation and development, the FAI method

cannot be used as a foundry NDI tool for grading aluminum castings for DADT

applications.

9.2.2 Damage Tolerance Analysis

A maximum initial equivalent flaw size was derived for both Grade B D357

and B201 during Phase I, Task 2 (property verification - Sections 7.3.6 and

7.4.7). The EIFS for the two alloys was determined to be 0.036 inch and 0.042

inch, respectively (99.9 percent probability, 95 percent confidence). These

values are less than the 0.050 inch flaw that is typically assumed for damage

tolerance analysis of wrought materials (MIL-A-83444) [15]. Defects in the

range 0.036 to 0.042 inch may be detectable in material up to about 3 inches

thick using X-ray radiography at a I percent sensitivity. Based on this

information, Grade B or better D357 or B201 castings up to the maximum

thickness evaluated under the DADTAC program (1.25 inch) can be considered for

use in damage tolerance design.
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SECTION 10

PHASE II - DADT OF ALUMINUM CASTINGS QUALITY VERIFICATION

10.1 INTRODUCTION

During Phase I, a mechanical property data base was developed for D357-

T6 and B201-T7 cast plates produced according to optimum material

specifications. Also, the effect of casting defects (D357-T6) and nonoptimum

microstructure (D357-T6 and B201-T7) on the baseline mechanical properties was

determined. The overall goal in Phase II was to demonstrate that the optimum

D357-T6 alloy can be used to manufacture a large complex aircraft casting

while retaining the mechanical properties demonstrated in Phase I for the cast

plates. In addition, specially-designed durability and damage tolerance

fatigue specimens were tested to verify life predictions based on an analysis

of Phase I data. These DADT specimens were excised from additional plates.

The selection and evaluation of the aircraft casting, as well as the

fatigue data analysis and life prediction assessment conducted in Phase II are

described in the following subsections. As in previous sections, average data

are listed; the individual test results can be found in Appendices H \cast

aircraft component) and I (cast plates).

10.2 CASTING SELECTION

The criteria for selecting the aerospace casting for evaluation in Phase

II were as follows:

* The casting should be a large production aircraft part

* The configuration of the casting should be relatively complex, with

a wide range of wall thickness

* Tooling was readily available

* Production processes were established.
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After reviewing potential castings with Alcoa, the subcontractor for

this effort, the one that best met the above criteria was the F-5 inboard wing

pylon (Figure 73a). The casting weighs approximately 65 pounds, is about 5

feet long, and has a complex configuration. Two of the other castings that

were considered were the centerline and outboard wing pylons. Alcoa cast over

2,000 inboard wing pylons over the life of the F-5 program. The pylon is one

of two (inboard and outboard) suspended under each wing for carrying

armaments.

10.3 PRODUCTION OF CASTINGS

Four D357-T6 wing pylons and 14 D357-T6 plates were cast by Alcoa

according to the composition requirements of AMS 4241 specification with the

addition of a silicon modifier. The plates were produced using procedures

that were the same as those used for the Task 2, Phase I verification plates.

The pylons were produced using the same tooling and production methods as

those employed for production aircraft pylons. The plates and pylons were

solution treated for 15 hours at IOI0±10°F and aged for 5.5 hours at 325°F.

They were quenched in room temperature water.

The composition specification for both the plates and the pylons was the

same. The use of sodium or strontium was included in the specification

because of the benefits to silicon particle morphology seen during the Phase I

testing. Alcoa preferred to use sodium because they had much more experience

with sodium than with strontium and felt they could provide better castings as

a result. However, because much of the Phase I data were obtained using Sr-

modified material, Alcoa was requested to cast two of the four pylons using

strontium to determine if the type of modifier influenced mechanical

properties. The silicon modifier for the 14 plates and the other two pylons

was sodium. In all parts of the cast plates and in designated areas of the

pylons (Figure 73b), tensile properties were required (AMS 4241) to meet the

following minimum values:

Tensile Strength 50 ksi

Yield Strength (0.2% offset) 40 ksi

Elongation 3
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a. F-5 Inboard Wing Pylon

b. Designate~d Areas of Pyl-on (Crosshatch)

Figure 73. F-5 Inboard Wing Pylon
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Minimum tensile properties in nondesignated areas of the pylons were 45

ksi ultimate strength, 36 ksi yield strength, and 2 percent elongation.

In lieu of the DAS procedures defined in AMS 4241, a maximum DAS of

0.0024 inch throughout the plates and in the designated areas of the pylons

was specified. This value was selected based on the results of Phase I

testing (Section 5). All castings were required to be Grade B quality, or

better, based on radiographic analysis (I percent sensitivity). Because the

castings were sectioned for mechanical property evaluation, the attached

coupons were not tested.

10.4 CASTINGS PROPERTIES

Chemical., microstructural, and mechanical property evaluations were

conducted on the cast plates and pylons. Pylon test results were compared to

those obtained during the Phase I verification subtask to ensure that the

process requirements can be scaled up to a large aircraft casting. Tensile

results for the cast plates were used to qualify material for the DADT element

fatigue testing (Section 10.5.5). Based on radiographic analysis, all

castings were determined to be Grade B quality.

1.0.4.1 Composition

Fourteen plates, cast from two different melts, and four inboard wing

pylons, cast from four different melts, were evaluated. The composition of

each of these melts is listed in Table 73. The compositions were within the

AMS 4241 (plus silicon modifier) specification; two of the pylons were cast

from melts modified using strontium. The melt compositions were confirmed by

ICP chemical analysis conducted by Northrop on samples taken from the plates

and pylons.

10.4.2 Microstructure

The microstructure of the cast plates and pylons was characterized using

optical microscopy and image analysis. DAS, percent porosity, and silicon

particle morphology for each of the pylons and for selected plates were
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TABLE 73. D357-T6 PLATE AND PYLON MELT COMPOSITIONS

COMPOSITION (WT %)

Fe Si Mg Ti Mn Be Na Sr Al

Plate Melts

0.08 6.91 0.60 0,12 0.00 0.06 0.002 -- Bal.
0.08 6.87 0.60 0.13 0.00 0.06 0.005 -- Bal.

Pylon Melts

0.07 7.00 0.60 0.12 0.00 0.05 0.006 -- Bal.
0.08 6.88 0.59 0.12 0.00 0.05 0.009 -- Bal.
0.08 6.90 0.59 0.13 0.00 0.06 -- 0.011 Bal.
0.08 7.15 0.60 0.12 0.00 0.05 -- 0.014 Bal.

Specification*

<0.12 6.5- 0.55- 0.10- <0.10 0.04- 0.001- 0.008- Bal.
7.5 0.6 0.20 0.07 0.01** 0.014**

n AMS 4241 plus silicon modifier

** Na concentration - 0.00% wben Sr is used as modifier;
Sr concentration - 0.00% when Na is used
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determined. A typical micrograph of the sodium-modified D357-T6 pylon

microstructure is shown in Figure 74; the microstructure of strontium-modified

D357-T6 is shown in Figure 75. A typical micrograph of the plate

microstruccure is given in Figure 76.

The average DAS values, Si particle area, aspect ratio, and particle

spacing for plate and pylon castings are listed in Table 74. Corresponding

data obtained during Phase I verification testing for water-quenched D357-T6

are listed for comparison. The DAS of specimens taken from selected plates

(three plates from each of the two melts) ranged from C.0009 inch to 0.0014

inch, which is less than the maximum specification requirement of 0.0024 inch.

Similarly, the DAS of specimens excised from each of the four pylons was below

the maximum specification value, ranging from 0.0009 inch to 0.0017 inch. The

average DAS values for the sodium and strontium modified pylons were each

similar to that of the verification material. The specimens that were used to

determine DAS for the pylons were excised from thick, designated sections of

the castings.

The silicon particle morphology of the plates and pylons is similar to

that of the verification material. The silicon particle area, spacing, and

aspect ratio obtained for sodium-modified pylons is nearly identical to those

obtained for strontium-modified castings. The percent porosity was low in

each of the cast plates and pylons, similar to that for the verification

material.

10.4.3 Tensile Properties

The tensile properties of the D357-T6 plates and pylons are summarized

in Table 75. A total of 28 tensile tests were conducted to evaluate the

tensile properties of the 14 plates (two specimens per plate). For the

pylons, 16 specimens (four per pylon) were machined from both designated and

nondesignated sections and tested (a total of 32 specimens). Average ultimate

strength and elongation results for the cast plates and pylons (both Na- and

Sr-modified) were similar to the values from the verification tests. Although

easily meeting the minimum specification requirements, the average yield

strengths were slightly lower in the Phase II castings than in the Phase I

verification test plates, i.e., 42 ksi versus 45 ksi.
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TABLE 71. AVERAGE DAS AND Si PARTICLE MORPHOLOGY DATA FOR
D357-T6 PLATES AND PYLONS

Si PARTICLE MORPHOLOGY

SILICON DAS AREA SPACING ASPECT POROSITY
CASTING AODIFIER (inch) (p;i 2 ) (Am) RATIO (%)

Plates Na 0.0011 14 42 1.9 0

Pylons Na 0.0014 19 47 1.9 0.013

Sr 0.0015 18 50 1.9 0

Verification * 0.0014 17 43 1.6 0.028
Material

• Two foundries used Na; onu used Sr
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TABLE 75. AVERAGE TENSILE PROPERTIES OF I)357-T6 PLATES AND PYLONS

UTS (ksi) YS (ksi) El (%)

SILICON
CASTING MODIFIER AVG. RANGE AVG. RANGE AVG. RANGE

Plates Designated Na 52 49-54 42 38-44 8.9 5.4-14.5

Pylons Designated Na 51 49-52 42 39-44 6.3 3.5- 8.6
Sr 52 49-54 42 39-43 10.0 8.0-11.7

Non-designated Na 52 52-53 42 41-42 7.4 6.9- 8.0
Sr 53 52-53 40 40-41 10.5 9.8-11.2

Verification Designated * 53 46 5,2
Material

Specification Designated -- 50 40 3.0
Min. Non-designated -- 45 36 2.0

T rwo foundries used Na; one used Sr

NOTE: Two plates were not used for DADT testing becaise of unacceptable
tensile results (see text and Appendix Thble h-); results for these
plates are not included in the above averages.
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Some of the individual test results fr the pylons and the plates were

below the AMS specification tensile property requirements (Appendix H, Tables

HI, H2, and 113). Of a totai of 48 indiv,,idual te;t results for designated

material, three UTS and titiee YS results were slightly below the specification

minimum. Thus, only 88 percent of the data points met or exceeded the

specification minimum value. This is the same percentage piss rate that was

observed for the verification plates. Unlike the verification material, for

the pylons it Yas the ultimate and yield strength's and not the percent

elongation that usually did not meet the minimum requirement. Oil average, the

results were low by only 0.2 ksi. There was no difference in the number of

specimens that failed to meet the specification for the Na- and Sr-modified

pylons; in each case, there were three occurrences. There was L1o indication

of inclusions on the fracture surfaces of tbhse specimens. The DAS, soundness

and composition were also within specification.

Because the average pylon elongation value exceeded the average

verification value and the pylon failures were in ultimate and yield strength,

it is probable that the pylons were dnderaged as a result of nonoptimized

aging parameters. The aging conditions used by Alcoa were the same as those

employed to make many of the same wing pylons over more than 20 years of F-5

production. However. since the composition of the four pylons that were made

for the DADTAC program was different from those made previously, presumably

they may require different aging conditions. Under the contract it was not

possible to optimize the aging parameters for the pylons to obtain the best

balance of mechanical properties.

The average elongation of the Sr-modified pylons was significantly

higher than pylons that were modified using Na (10.0 percent versus 6.3

percent for the designated areas). The average ultimate and yielct ,trengths

for the Na. and Sr-modified material were similar (Appendix Table Hl). The

reason for '..he difference in elongation is not clear. The silicon particle

morphology was essentially identical for both materials (Table 74). It is

possible that the difference could be due to a need for different aging

parameters, depending upon which modifier is being used.
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Simi.ar to the designated area material, nondesignated areas of the Sr-

modified castiLs had a slightly different yield strength/elongation

combination than the Na-modified pylons (40.4 ksi/10.5 percent and 41.8/7,5

percent, respectively). This further suppoits the conclusion that the aging

parameters required to obtain targeted mechanical properties for Nao- and Sr-

modified D357 may not be identical.

The detailed tensile results for the 14 plates are shown in Appendix

Table H3. As in the case of the pylons, some of the test results did not meet

the minimum requirement. For two plates (Q13 and Q14), both of the two

ultimate tensile strength results were below 50 ksi. One elongation value was

also low. These two plates were rejected and were not used for the subso.quert

element tests conducted with the plate material. Two additional plates (Q6

and Q7) each exhibited one yield and one ultimate strength value below

specification. However, because results from a sec.ond specimen from each

plate were within specification and there was a material shortage, these two

plates were used for the element testing.

10.4.4 Fatigue Properties

10.4.4.1 Smocth Stress-Life

Stress-life (Kt - 1.0) constant amplitude fatigue data for the four

D357-T6 pylons are shown in Figure 77 Aleng with a comparison with data for

verification material, and 7075-T73 [19], a wroughc a11 .oy cc.-nonly us:ed in

fatigue critical aircraft applications, Two specimens (0.37'-inch-dlameter

gage section) per pylon were tested. No disceriiable difference in fatigue

life data was observed between Na- and Sr-modified material. The fatigue

lives exhibited by the pylons are similar to thc(se ext.ibiLed by the

verification material. Although dewr)nstrating lower or similar crack growth

rates (Section 10.4.4.2), the total fatigue life for the D357-T6 specimens is

significantly less than that of 7075-T73. This is probably indicative of

shorter crack initiation lives for cast material.

The presence of inherent defects such as dross and porosity ehances

fatigue crack initiation in cast materials. Fractographic examination of six
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Figure 77. Stress-Life Fatigue Data for D357-T6 Pylons
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pylon fatigue life specimens revealed that three fatigue cracks initiated at a

defect located at or near the surface. In two of these specimens, a large

(>200 micron) dross inclusion acted as the initiation site. In the third

specimen, the fatigue crack initiated at a pore. A micrograph of the pore and

resulting fatigue crack is given in Figure 78.

None of the remaining three specimens exhibited defects near the

surface. However, in each of these specimens, dross inclusions were observed

within the interior of the gage section. A micrograph of a specimen in which

two large inclusions were observed is shown in Figure 79. This particular

specimen (P96S2), tested at a gross stress level of 25 ksi, failed after

3.3 x 106 cycles (Appendix I), which is shorter than the 5 x 106 cycle

lifetime exhibited by a second specimen tested at 25 ksi. Overall, the amount

of dross observed in the pylon smooth fatigue specimens suggests that the

quality of the pylons, particularly in the designated areas from which these

specimens were machined, could be improved. Although the data shown in Figure

77 are similar to that exhibited by the verification material, micrographic

analysis has shown that large defects can still exist and may reduce the time

to initiate a fatigue crack.

10.4.4.2 Fatigue Crack Growth Rate

The range of constant amplitude fatigue crack growth rate (FCGR) data

obtained from the four pylons is shown in Figure 80. Also shown are the data

for the Phase I verification material and 7075-T73 plate [22]. The pylon and

verification plate FCGR data are similar. The fatigue crack growth rate of

D357-T6 is slightly slower than that of 7075-T73. Therefore, the shorter

fatigue lives (Figure 77) can be attributed to a shorter crack initiation

phase in cast material, presumably because of higher distribution density of

larger defects in Grade B castings.

10.4.5 Fracture Toughness

Fracture toughness data for the D357-T6 pylons are shown in Table 76.

One compact tension and four notched tensile specimens per pylon were tested.

Fracture toughness specimens were excised from the thick attach pad at the top
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Figure 78. Fatigue Crack Initiating From a Fore in a Pylon Fatigue Specimen

Figure 79. Two Large Inclusions Observed in a Pylon Fatigue Specimen
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TABLE 76. D357..T6 PYLON FRACTURE TOUGHNESS AND NOTCHED TENSILE STRENGTH DATA*

SILICON PYLON KQ NTS YS
MODIFIER NO. (ksijin) (ksi) (ksi) NTS/YS

Na 95 25.5 61.0 42.4 1.44

96 25.4 60.1 41.8 1.44

Average 25.5 60.6 42.1 1.44

Sr 97 28.1 61.6 41.3 1.49

98 27.2 62.0 41.8 1.49

Average 27.7 61.8 41.6 1.49

Verification 24.0 59.0 46.0 1.38
Material

* Specimens excised froiu designated area of the pylon
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of the pylon (Figure 73) where it would mate with the aircraft structure. The

pad is a designated area. Pylons that contained Na modifier, had an average

KQ v&lue of 25.5 ksiin. The average KQ value of the Sr-modified material was

slightly higher at 27.7 ksijin, which is consistent with the higher elongation

values observed for this material. The average NTS/YS ratio of the Sr-

modified material was also slightly higher than that of the Na-modified

material, 1.49 'versus 1.44. None of the fracture toughness results met the

criteria for valid KIC values due to the presence of excessive crack front

curvature.

The average fracture toughness and NTS values obtained for the pylons

were higher than the average values determined for the Phase I verification

material. Average NTS/YS ratios were also higher because of the contribution

of these higher NTS values and lower average yield strengths.

10.4.6 FAI Assessment of the Pylons

Frequency Attenuation Inflection (FAI, Section 4) measurements were made

on specimens excised from selected areas of one of the pylons (P95) to further

assess both the soundness of the casting and the FAI method. Fifteen

specimens of varying thickness were machined from different areas in the

casting and analyzed using FAI and X-ray radiography. Metallographic analysis

was also conducted on the specimens to confirm the FAI results.

Results from FAI inspection showed that all specimens contained less

than 0.1 percent porosity (the minimum detection capability of the equipment).

X-ray inspection showed that each of the specimens was Grade B.

Metallographic analysis indicated that there was <0.01 percent porosity in all

the specimens, which also supported the FAI results.

10.4.7 Equivalent Initial Flaw Size Analysis of the Pylons

An EIFS analysis was performed using the smooth fatigue data obtained

for the four cast inboard pylons. The Weibull analysis is shown in Figure 81

and also includes data for cast verification plates for the three individual

foundries. The average EIFS for the six specimens evaluated was 0.0109 inch.
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This is better than the best verification material, made by Foundry A, which

had an average EIFS of 0.0137 inch (Table 49). The Weibull Qnalysis in Figure

81 also shows the similarity between the EIFS data for the pylons and the

verification plates made by Foundry A.

10.4.8 Sumnary

In general, the overall properties for the pylons were similar to those

obtained for the verification material evaluated in Phase I, including the

percentage of test results that did not meet the AMS 4241 specification

tensile property requirements. The main difference between the pylon and

verification data sets was the balance between yield strength and elongation.

This suggests that the number of out-of-specification test results might have

been reduced by additional aging of the pylons.

However, because pylons containing Sr modifier exhibited significantly

higher elongation values than Na-modified pylons (10.0 percent versus 6.3

percent, respectively, for designated areas), further heat treatment

optimization for each of the two types of material is perhaps required. The

overall conclusion is t~hat with heat treatment optimization, the Phase I

material and process requircments can be successfully scaled up for producing

large, complex aircraft castings.

10.5 DURABILITY AND DAMAGE TOLERANCE ANALYSIS

A unified analytical meLhod was developed [13] at Northrop under an IR&D

program to predict both the crack initiation and crack growth portions of the

total fatigue life under variable amplitude loading. This method was applied

to the DADTAC program results to dete ,ine if accurate life piedictions can be

made for premium quality aluminum ca tings. The applicability of MIL-A-83444

and MIL-A-87221 to premium quality aluminum castings was also assessed.

Test specimens were excised tom 14 D357-T6 plates cast by Alcoa.

Tensile properties for each of t ose plates were determined to ensure that the

material met the AMS 4241 requii-ements. Details of the tensile testing are

discussed in Sections 10.3 and 10.4. Only 12 of the 14 available plates were
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used for the durability and damage tolerance tests because two of them were

judged to be unacceptable based on the tensile test results.

10.5.1 Element Testing

Three types of specimen were used to characterize D357-T6 under spectrum

loading. These specimens were specifically designed to evaluate the crack

initiation and growth phases of damage, and included a multihole durability

specimen without precracks and two damage tolerance (DT) specimen

configurations. One of the DT specimen configurations had a single hole with

a corner precrack; the other configuration had a surface precrack. The test

matrix is shown in Thble 77. All specimens were randomly excised from the 12

available D357-T6 cast plates. However, their location in each plate was

noted to determine if it influenced the test results.

Two 7050-T7451 multihole durability specimens were also tested to

provide baseline data for evaluating the D357-T6 results. 7050-T7451 is a

wrought aluminun alloy commonly used in fatigue-critical aircraft

applications.

10.5.1.1 Test Speccrum

A modified version of a typical F-18 wing root spectrum was used for all

fatigue tests. The negative load levels were removed so that observation of

crack initiation and growth would not be restricted by the use of lateral

buckling constraints that would have been required. The spectrum tape data

consisted of event-sequenced wing root loads representing a block of 300

flight hours and normalized by the maximum spectrum load. This spectrum is

illustrated by the exceedence curve shown in Figure 82.

10.5.1.2 Specimen Geometry and Test Requirements

Durability Tests. The multihole durability specimen configuration is

shown ia Figure 83. Each specimen contained 14 holes, each having the same

elastic stress concentration. Twelve D357-T6 and two 7050-T7451 specimens
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TABLE 77. DADT TEST MATRIX

SPECIMEN NO. OF

TYPE SPECIMENS

Multihole Durability 12

Damage Tolerance

- Surface Crack 4

- Precracked Hole 6*

* One specimen was weld-repaired after

two lifetimes of growth akid then
tested to failure
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were tested to failure over a range of spectrtun se-4e-:itv levels All hoIe1 •

were visually monitored at regular int~orvals to detect the first- sign of cr.tick

initiation. The time for each crack to irL. Iate wa- noted. The extent of ýhe

visible surface crack length was monitored t.hroughour- the test. The test was

stopped at the first occurre.ce of a crack breaking outr to ýhe edge Df the

specimen, At the end of the test a metal].ographi'ý e-amilnatirn of ea,ýh

specimen was conducted at th, four holes that contained the largest cracks Co

determine the size, location and nature of the initiating defect.

Crack Growth Fro Ž •_.jrecracked Hole. The configuration of the damage

tolerance specimen with th precracked hole is shown in Figure 84. A 0.02-

inch corner flaw was introduced using EDN and ziharpcuned undez constant

amplitude fatigue loading to 0.05 inch. Si, specimens were tested over a

range of spectrum severity levels. Five of these specimens were tisted to

failure. One specimen which did not fail after two lifetimes of crack growtih

w. weld repaired and the test was contir.uec to fail,.re. Crack growth was

monitored at regular intervals on all specimens. The weld repair exercise was

performed to determine if the crack growth characteristics of weld-repaired

material were significantly different from those of the parent alloy. After

repairing the cracked area, the hole was reamed to its original diameter and

the specimen fatigue testing was continued.

Crack Growth From a Surface Flaw. The surface flaw damage tolerance

specimen is shown in Figure 85. A 0.04 x 0.02-inch EDM flaw was introduced

and sharpened under constant amplitude fatigue loading to a length of 0.01

inch. Four specimens were tested over a range of spectrum severity levels.

Crack gfo'0th was monitored at regular intervals on all specimens.

10.5.1.3 Specimen Fabrication

General Layout. The 12 plates were randomly numbered, keeping tiack of

the individual heat lot idencification. The blanks for the multihoje

durability specimens were located according to the scheme shown in Figure 86.

The preflawed damage tolerance specimen blanks were machined from the

remaining plate material such that approximately an equal number were obtained

from each heat lot.
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1thbiy .-. c•(Lrlqe. The multihole durability specimens were

fabricated hs defined in Figures 83 and 86. Each specimen was identified

ising the code QX-Y-Z, where X identified the plate number (I.e., 'I' through

'12'), Y identified the location (i.e., 'A' through 'D'), and Z identified the

specimen number for that location (i.e., '1.' through '6' for location 'A', and

'I' through '4' for locations 'B' through 'D'). Identification was also made

of the specimen surfaces that were in proximity to the plate edge and planar

3urface so that the location of each crack initiation site could be

established relative to its position in the original cast plate.

Precracked Damape Tolerance Specimens. The precracked specimens were

fabricated as shown in Figures 84 and 85. Each specimen was identified using

the code QX-Y-Z, where X identified the plate number, Y identified the

specimen type as precracked hole or surface flaw (i.e., 'H' or 'S'), and Z

identified the specimen number for that type (i.e., '1' through '6').

iTensile Specimens. Two tensile specimens were also excised from eac

plate. These results are discussed in Sections 10.3 and 10.4.

10.5.2 DADT Analysis Method

The analysis method used to correlate the results of the durability and

damage tolerance testing employed the Oorthrop 'LOOPINC' computer program

[25]. This method is based on the unified crack initiation and crack growth

approach outlined in Reference 15. The data requirements and basic approach

are illustrated in Figure 87.

The basic premise of the method hinges on the numerical integration of

the reciprocal of the changing analytical crack growth rate throughout the

total length of the assumed crack. The local crack growth rate is obtained

from:

mI ml

(da/dn)2 a2' 2
Eq. 10-I

(da/dn)l \al1
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where:

(da/dn) 2 - crack growth rate at crack length a 2

(da/dn)I - crack growth rate at crack length al

-l - stress intensity correction factor at crack length
al, including all secondary effects such as crack
shape, back surface correction, etc.

02- stress intensity correction factor at crack length
a 2 , including all secondary effects

Mi -exponent from the best fit regression on the
analytical spectrum crack initiation life trend

-mi

Ni - CN(KtSmax)

Ni - time to initiate a crack of length 0.010 inch from a
notch subjected to a spectrum normalized by a design
condition elastic notch stress of (KtSmax).

At initiation:

al - 0.010/2 - 0,005

Kt -Kt V--

and (da/dn)I - Ni based on a spectrum notch severity of

(f.tt Smax)
aI

Hence, Equation 10-1 becomes:

mI m1

(dad) -a.03 
2 (0.010

-... .Eq. 10-2(da/dn) -. o075) "- Ni

and the time to grow the crack from length ap to aq can be
obtained from:

a 2 - aq

Npq - (dn/da) 2 .Aa Eq. 10-3

a 2 -ap

Note that a constant incremental value of Aa - 0.010 is used in

the analysis.
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10.5.3 Data Requirements

Determination of the spectrum crack initiation life (Ni) for the D357-T6

test specimens was based on the Northrop LOOPINC method [25]. This method

utilizes smooth round bar cyclic and hysteresis stress-strain data to track

the values at the elastically constrained, plastically deforming material

immediately local to the notch. The resulting hysteresis loops are then

correlated with the cyclic life observed during strain-controlled tests

performed at various constant strain ratios on similar smooth round bar

specimens. The total life to failure (Nf) provided by these tests is adjusted

to give the number of cycles for the generation of a 0.010-inch crack (Ni) by

the following relationship [15].

ai(m/2
2) Et A a

(Nf/Ni) - 0.010 1 (a A Eq. 10-4

i m/2

Where:

ai =, 0.010 (i.e., crack size after an initial growth of

0.010 inch)

Aa - Size of the numerical integration interval (assumed

to be 0.010)

N - Crack size at the mid point of the current interval

P• - Stress intensity correction factor for a crack of

length "a" growing in a round bar

i Stress intensity correction factor at the midpoint of

the initiation interval, i.e., at a crack length of

0.0050 inch

m - Paris equation slope of the (da/dn) vs AK line

derived from crack grow..h data

(A value of m - 4.988 was obtained for D357-T6)
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The use of Equation 10-4 provided a value of Nf/Ni - 1.095 for the

smooth round bar specimens used to determine the strain life data for D357-T6.

Fully-reversed (R - -1.0) strain-life data were obtained for D357-T6 and

B201-T7 and are shown in Figure 88. The associated cyclic stress-strain

curves are shown in Figure 89. A regression fit of the fully-reversed

(R - -1.0) D357-T6 strain-life data (Figure 88) gave the following

relationship:

Ae -0.1552
- - 0.0162(Nf) Eq. 10-5

2

(based on nine data points; r 2 - 0.975)

Modifying Equation 10-5 in terms of Ni:

A -0.1552 -0.1552
T - 0.0162 (l.095Nf) - 0.0l6(Ni) Eq. 10-6

The data trend represented by Equation 10-6 was used for the fully

reversed strain life data utilized by the Northrop LOOPINC crack growth

program in the analysis of the D357-T6 spectrum test life prediction.

10.5.4 Analysis

10.5.4.1 Specimen Notch Stress Concentration

The basic stress concentration factor was determined for each of the

three specimen configurations as shown below:

Multihole Durability Specimen. For a row of holes located in a specimen

of constant width, the stress concentration at the end holes is higher than

that at intermediate holes. Therefore, the widch of the multihole specimen

was increased near the end holes so that the elastic notch stress was the same

for all holes. The holes in •ach row had a diameter of 0.25 inch and were

spaced 1.00 inch apart. Except for the end holes, each had an edge distance

of 0.50 inch, measured from the center of the hole, providing a stress

concentration factor of Kt - 2.84 based on the gross section stress 11,4]
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Except where the end holes are located, the width of the specimen was

2.55 inches. The end holes are located in line with the other holes, but the

width ot the specimen at that point is 2.75 inches, providing an edge distance

of 0.6C inch. The nominal stress concentration factor for the end holes is

3.03 [14]. Hence, (KtS)end/(KtS)int - (3.03/2.75)/(2.84/2.55) - 0.99, i.e.,

the stress concentrations at end and intermediate holes are equivalent. DADT

analysis was conducted using the geimetry of the intermediate holes.

Single Hole Crack Growth Specimen. A single 0.25-inch-diameter hole

centrally located in a width of 1.00 inch has a gross section stress

concentration factor of Kt - 3.24 [14].

Surface Crack Specimen. Prior to crack initiation, the surface flaw

specimen is assumed to have a stress concentration factor of unity.

10.5.4.2 Net Section Yield

Although the analytical method is not valid above net section yield, the

specimens were tested above this value to determine if the failure mode was

significantly different. The average tensile yield strength for the D357-T6

plates used for the DADT analysis was 42 ksi (Table 75), which is close to the

minimum value of 40 ksi given in MIL-HDBK-5 for a Class 2 designated area.

The MIL-HDBK-5 value was used to determine the gross stress level at. which

each of the specimen configurations would experience net section yielding, as

follows:

Multihole Specimen

Gross area - 2.55 x 0.25 - 0.6375 sq. in.

Net area - (2.55 - 0.50) x 0.25 - 0.5125 sq. in.

At net yield: Gross stless - 40 x 0.5125/0.6375 - 32.16 ksi

Single Hole Specimen

Gross area - 1.00 x 0.25 - 0.25 sq. in.

Net area - (1.00 - 0.25) x 0.25 - 0.1875 sq. in.

At net yield- Gross stress - 40 x 0.1875/0.25 - 30.0 ksi
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Surface Crack Specimen

Gross area - 1.00 x 0.25 - 0.25 sq. in.

At net yield: Gross stress - 40 ksi

10.5.4.3 Stress Intensity Correction Factors

The stress intensity correction factors used in the analysis are shown

in Table 78. These values were determined for a single crack from the

standard solutions for the geometries tested and include all secondary

effects, such as back surface, edge proximity and crack shape. A uniform

(radial arc) crack shape was assumed until the crack exceeded the thickness,

at which time a through-crack geometry was assumed.

10.5.4.4 Determination of Spectrum Crack Growth Exponen '_ml'

The strain-life data obtained for D357-T6 were established over a life

range from 10 to 1,000,000 cycles. The maximum strains associated with these

lives ranged from 0.0112 to 0.0020 inch/inch. The spectrum crack initiation

life trend was determined over a range of elastic notch stresses equivalent to

the above strains. Assuming a Young's modulus of 10.4 Msi gives a maximum

spectrum elastic notch stress range of 116,480 - 20,800 psi. The spectrum

crack growth exponent (ml) for the DADT analysis of D357-T6 was based on the

analytical crack initiation life trend obtained over this range of elastic

notch stress. The analytical crack initiation life trend versus the maximum

spectrum elastic notch stress for D357-T6 is shown in Figure 90a, from which a

value of ml - 4.706 was obtained. A similar analysis was conducted for 7050-

T7451 plate; the derivation of mli under the spectrum loading used for D357-T6

is shown in Figure 90b. A value of mI - 3.535 was obtained.

10.5.5 Test Results

The results of the DADT tests are summarized in Figure 91. Crack growth

trends are also presented in Figures 92 through 96 for the precracked surface

flaw, and for precracked hole specimens tested at stress levels below the net

section yield.
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TABLE 78. STRESS INTENSITY CORRECTION FACTOR FOR EACH DADT SPECIMEN GEOMETRY

CRACK MULTI- SINGLE SURFACE
LENGTH HOLE HOLE CRACK

(in) SPECI!EN SPECIMEN SPECIMEN
0.0000 2.304 2.328 0.686
0.0050 2.130
0.0065 2.054
0.0100 0.686
0.0150 1.814 1.842
0.0250 1.613 1.643 0.689

0.0350 1.468 1.498
0.0450 1.357 1.388

0.0500 0.693
0.0550 1.270 1.302
0.0650 1.202 1.233

0.0750 1.146 1.178
0.0850 1.102 1.135
0.0950 1.065 1.100

0.1000 0.712
0.1050 1.035 1.072
0.1150 1.011 1.049
0.1250 0.991 1.030
0.1350 0.977 1.019

0.1450 0.967 1.011
0.1500 0.755
0.1550 0.960 1.006

0.1650 0.9Li 1.005
0.1750 0.953 1.007
0.1850 0.959 1.020
0.1950 0.970 1.039
0.2000 0.847
0.2050 0.988 1.063
0.2150 1.017 1.095

0.2250 1.055 1.138
0.2350 1.110 1.212
0.2450 1.182 1.305
0.2500 1.184

0.2550 1.349 1.499
0.2650 1.369 1.526
0.2750 1.390 1.553
0.2850 1.424 1.654

"0.2950 1.458 1.754
0.3000 1.302
0.3050 1.507 1.853
0.3150 1.570 1.951
0.3250 1.633 2.047
0.3350 1.784 20.964
0.3450 1.971 39.587
0.3500 1.490
0.3550 20.643 57.937
0.3650 57.517 76.350
0.3750 93.891 93.899

0.4000 1.820

0.4500 2.586

0.4750 3.673

0. 5000 100.000
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The following observations were made:

"* Crack growth of the precracked specimens was well-behaved; no

significant interruptions or accelerations were noted

"* Tests repeated at maximum spectrum stresses below the net section

yield of the specimen gave similar results

"* As expected, the life trends were significantly reduced for those

specimens that were tested above the net section yield.

10.5.6 Analytical Correlation

Figures 91 through 97 include the life trends predicted by the unified

crack growth method. The following observations were made with respect to

this correlation:

* Figures 91 and 97 show that the total life prediction for the

multihole specimens was accurate when the maximum net section

spectrum stress was below the yield strength. Although the method

projected unconservative results at stress levels above the net

section yield, these higher levels can be assumed to be outside

normal durability analysis requirements.

* The analytical prediction for the total life for 7050-T7451 tested

at a maximum stress of 32 ksi is also reasonably accurate (67

percent of demonstrated lives).

* Figure 97 also shows that specimens excised from the corner of the

casting (location A, Figure 86) gave lower lives th;,n those from

the other locations.
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Although the shapes of the analytically predicted and observed

curves are consistent, the unified method predicted shorter crack

growth lives from an initial 0.05-inch precrack than those obtained

by test. However, small changes in the assumed stress intensity

correction factor solution can have a significant effect on the

local crack growth rate, particularly for larger crack lengths.

For example, a constant reduction in the stress intensity

correction factors for crack lengths above 0.050 inch to 80 to 85

percent of the values used would be sufficient to match the

analysis with the observed results.

10.5.7 Fractographi AnaDalsis

Each of the 12 multihole durability specimens was fractographically

examined to identify the crack initiation sites. On average, four cracks per

specimen were examined. The cracks which were chosen were those that had

propagated the farthest or were located at the fracture surface. SEM analysis

was used to identify the initiation site.

Table 79 provides data for the cracks that first appeared at the

fracture surfaces of each specimen prior to failure. Further data on

additional cracks observed in the specimens are included in Appendix I. The

location and propagation direction of the cracks are identified by the hole

number, the face on which the crack appeared, and the crack growth direction.

Figure 98 illustrates the hole numbering scheme. The time at which the cracks

were first observed aad recorded and the crack length at initiation are also

indicated in Table 79. Where possible, initiation sites are identified.

Because of obscure fractographic features, initiation sites for many of

the cracks could not be identified. As shown in Table 79 and Appendix I, the

initiation sites for approximately half of the cracks analyzed could not be

determined. Inspection of the areas along the hole surfaces adjacent to these

cracks suggest that they originated at a single silicon particle or a cluster

of particles. As demonstrated by the data in Table 79, eutectic silicon

particles are common initiation sites in D357. An example of a sirgle silicon
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TABLE 79. DAIA FOR CRACKS OBSERVED AT FRACTURE SURFACES
OF MULTIHOLE DURABILITY SPECIMENS

GROSS TIME AT CRACK CRACK LENGTH
STRESS HOLE INITIATION AT INITIATION TOTAL LIFE INITIATION

SPECIMEN (ksi) NUMBER( 1 ) (FLIGHT HOURS) (INCH) (FLIGHT HOURS) SITE

QSA6 25 2-F-0 31,200 0.020 38,428 NI

QIOB2 25 11-F-0 44,400 0.040 48,928 NI

Q3D3 32 9-F-O 11,400 0.022 13,528 NI

Q12B4 32 10-R-I 8,400 0.026 10,828 NI

Q7A3 32 2-F-I 9,000 0.010 11,053 Si Particles

Q4D4 35 12-F-I 6,600 0.020 6,628 NI

Q5C]. 35 2-F-O 4,800 0.008 6,755 Si Particles

Q6A2 35 13-R-O 3,600 0.018 3,755 Cavity

QI1B3 35 2-R-O 6,300 0.028 6,455 Si Particles

QIDI 37 12-F-I 900 0.010 1,528 NI

Q2D2 37 5-R-0 2,400 0.006 2,419 NI

Q9B1 37 13-R-0 3,600 0.022 3,628 Si Particltes

Q5AI 40 (2) (3) (3) 28 NI

Q6C2 40 (2) (3) (3) 253 NI

(1) F - Front; R - Rear; I - Inboard; 0 - Outboard
(2) No fatigue cracks were observed in the specimen
(3) Due to high stress, specimen failed quickly and da:a were not obtained

NI - Not identified
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particle acting as an initiation site is given in the micrograph in Figure 99

(for crack 2-R-O in specimen Q7A3). A crack initiating at a cluster of

silicon particles in specimen QSCI is shown in Figure 100 (crack 2-F-0). The

size of the particle in Figure 99 (determined using the semicircular area

method described in Section 7.3.6) is approximately 0.004 inch.

Two of the specimens listed in Table 79, Q6A2 and QlDl, exhibited

significantly shorter crack initiation and fatigue lives than other specimens

tested at similar stress levels. Fractographic analysis of QIDl (crack 12-F-

I) failed to reveal the presence of a defect responsible for crack initiation.

Analysis of Q6A2, however, revealed the presence of a large cavity (0 0015

inch) adjacent to the hole surface from which a fatigue crack initiated. An

SEM micrograph o• this site is shown in Figure 101. The origin of the cavity

is not clear; one possibility is that it formed during fatigue from a

coalescence of microvoids surrounding eutectic silicon particles. The low

fatigue life of Q6A2 is presumably due to early crack initiation at this site.

Other defects revealed by SEM analysis include shrinkage pores and

microcracks. However, these defects were observed in only a few specimens. A

micrograph of a shrinkage pore found in specimen Q5Cl (crack 6-F-0) is shown

in Figure 102. The pore was located away from the hole surface and is not

believed to have initiated a fatigue crack. Figure 103 shows a microcrack

extending from a hole surface in specimen Q3D3 (crack 2-F-0). The reason for

the presence ot the crack is unknown. However, given che specimen's

relatively long fatigue life, it does not appear to have accelerated failure.

10.6 CONCLUSIONS

The DAS and the silicon particle morphology of the Phase 1I cast

plates and pylons were similar to those of the verification

material
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Figure 102, Shrinkage Pore Observed in Specimen Q5G1
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The average tensile properties of the Phase II cast~ingj were

slightly different from the verification castings; the yield

strength was lower and the ductility was highez. It was concluded

that the differences were due to nonoptimized aging conditions,

i.e., the Phase II castings were slightly underaged compared with

the verification material

"* The ductility of the pylons modified using Sr was higher than the

ductility of those modified with Na

"* The smooth fatigueý lives for pylon material were indistinguishable

from those of the Phase I verification cast plates

"* The fracture toughness of the pylons modified with Sr was higher

than the toughness of those modified using Na (27.7 ksi~in versus

25.5 ksi/in). The overall average fracture toughness was 26.7

ksi 4
1 in, which is higher than the average value for the verification

material (24 ksi/in). This trend is consistent with the lower

yield strength observed for the pylons

"* The overall pylon properties were similar to those of the

verification plates, indicating that the Phase I material and

process requirements can be scaled-up for producing large, complex

aircraft castings

"* Analysis of the durability and damage tolerance test results

indicated that the D357-T6 data are consistent with spectrum

severities that the material would normally encounter during use.
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SECTION 11

PHASE III - DATA CONSOLIDATION

In Phase III, the Phase I and II results were analyzed to determine if

they suppcrt the overall program objective of advancing foundry technology and

expediting the use of premium quality aluminum castings for durability and

damage tolerance applications in aircraft structure. Specifically, emphasis

was on recommending material and/or process specifications based on the

program results, and on determining if the existing durability and damage

tolerance specifications, MIL-A-87221 and MIL-A-83444, are applicable to

premium quality aluminum castings.

The specification issues are discussed in the following subsections.

11.1 MATERIAL SPECIFICATIONS

Based on the program results, changes to AMS 4241 (D357) and AMS 4242

(B201) specifications are recommended. The recommendations are discussed in

Subsections 11.1.1 and 11.1.2, respectively. Permission was granted by the

Society of Automotive Engineers, which publishes the AMS specifications, to

reprint copies of AMS 4241 and 4242 (they are protected by copyright law) in

this report. The reprints ate included in Appendices J (AMS 4241) and K (AMS

4242).

11.1.1 D357-T6

One of the main thrusts of the program was to evaluate the DADT

properties of D357-T6 and recommend requirements that can be included in a new

AMS specification for durability and damage tolerance applications. Based on

the data base developed during the program, in addition to the AMS 4241

tensile properties, requirements for smooth (Kt - 1.0) stress-life fatigue,

fracture toughness, and DAS are recommended. The inclusion of four additional

requirements that might assist foundries in achieving the above minimum

properties were also considered. The four requirements were to (1) include a
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silicon modifier, (2) limit the silicon particle aspect- rat io, (3) limit: the

hydrogen content, which correlates with gas porosity and fat igue life, and

(4) HIP castings to reduce shrinkage porosity.

The introduction of a new specification, based on AMS 4241, for

durability and damage tolerance aluminum castings was recommended. The

recommended changes to MIS 4241 are outlined in Subsection 11.1 1.1.

Supporting data are discussed in Subsection 11.1.1.2. The data that support

requirements (1) through (4) above, though not included in the proposed

specification, are discussed in Subsection 11.1..1.3.

11.1.1.1 Recommended Changes to AMS 4241

The fo ing changes to the indicated sections of AMS 4241 are

recommender' •o be included in the new DLDT specificiati.on. Only the main

changes a, ýhown below; full details are included in Appendix J. The

modified specification was submitted to the Society of Automotive Engineers

for revi-ew.

3. TECHNICAL REQUIREMENTS

3.6 Properties: Castings and integrally-attached chilled coupons shall

conform to the following requirements:

3.6.2 Fatigue Properties: Shall be as follows, determined in accordance

with ASTM E 466.

3.6.2.1 Integrallv-Attached Coupons: Three specimens shall be tested

under constant amplitude fatigue loading at a frequency between 10 and 20

Hz. The maximum stress shall be 40 ksi (276 MPa) at a stress ratio of

0,1, and a stress concentration factor of 1.0.

The log average life of the three specimens shall be 85,000 cycles, with

a minimum individual life of 46,000 cycles.
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3.6.2.2 Spci itLens Cut From Castings: Tf the casting is suftic~ie tt lv

large to permnit the provision of the s pecimnens in 3.4,4'.-._..l, tihe :ivot,.tjo

and minimum fatigue life requirements in 3.6.2.1 shall apply. if i S

not possible to excise 0.5 inch (12.7 nun) diameter specimens tronI tho

casting, smaller specimens are permitted. These shall have a 0.2560 inch

(6.4 mm) or 0.375 inch (9.5 mm) diameter vauge section. The gauge

section shall be between 1.5 inches (38.1 nun) and 2.0 inches (50.8 ninn)

long. All fatigue specimens shall be excised from designated areas of

the casting.

The log average life for the 0.2-0 inch (6.4 mm) and 0.375 inch (9.5 nmu)

specimens shall be 68,000 and 78,000 cycles, respectively. The minimum

fatigue life for each individual specimen shall be 36,000 and 42,000

cycles for the 0.250 inch (6.4 ir.n) and 0.375 inch (9.5 mnu) diameter gauge

sections, respectively.

3.6.3 Fracture Toughness Properties: Shall be not less than 21 ksilin,

determined in accordance with ASTM E 1304.

3.6.5 Microstructure: The microstructure of the casting surface in the

"designated areas of the casting shall have a dendrite arm spacing that:

does not exceed 0.0020 inch (0.05 mm), determined in accordance with ARP'

1947. Castings which exhibit an unacceptable microstructure, but which

meet the iequirements of 3.6.1, 3.6.2, and 3.6.3. shall be held for

disposition by purchaser's cognizant engineering personnel.

11.1.1.2 S__U2Lort"inDa.ta for the Recommended DADT Specification Requirements

Dendrite Arm SpaciDZ

That DAS influences the mechanical properties of D357 is generally

recognized by the castings community. DAS is reduced by increasing the

solidification rate (Fiuure 16); the effect of solidification rate on

ductility is shown by the results in Table 24. The elongation of D357-T6

solidified at a faster rate is higher than that for material solidified more

slowly (6.2 percent versus 4.0 percent) over a range of different
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compositions. Similar trends were observed for notched tensile strength and

the NTS/YS ratio (Table 2(), which Is a toughness indicator. hence, it: is

essential that the DAS, which reflects the solidificat-.ion rate, is maintained

below a maximum value. During the verification testing, DAS values were

obtained for 21 cast plates (Appendix Table C8), each 1.25--inch-thick, of

which eight vere glycol-quenched. The DAS range was 0.0008 to 0.0020 inch,

with an average value of 0.0013 inch and a standard deviation of 0.00035 inch.

Based on these results a maximunm DAS value of 0.0020 inch was recommended.

Stress-Life Fatjgue

The stress-life fatigue (Kt - 1.0) data for D357-T6 are shown in Figure

28a (verification plates) and Figure 77 (pylons). The two data sets are

combined ard shown in Figure 104. The data for Foundries B and C plates fall

significantly below results for 7075-T73. The fatigue results for Foundry A

verification plates, and for the pylons produced by Alcoa during Phase II form

a band that is similar to the lower bound for 7075-T73. The conclusion is

that it is possible to obtain fatigue lives for D357-T6 that approach those

currently achieved for 7075-T73. The data for Foundry A plates and the Alcoa

pylons were subsequently selected for use in the development of the proposed

AMS specification.

The reason why Foundries B and C were not able to achieve results

similar to Foundry A is not clear. There were no obvious differences in

microstructure or any other material parameters measured during Che program.

The fatigue performance may be a function of foundry practice. Details are

not clear, out the key factor may be associated with turbulence and/or the

molten metal flow distance. The important fact is that a D357-T6 fatigue life

similar to the lower bound of 7075-T73 plate was achieved for both plates and

large castings.

The following paragraphs include a description of the procedure used to

define the fatigue life requirements included in the proposed D357 casting
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specification for durability and damage tolerance applications. The data

obtained for the Foundry A verification plates and Alcoa's cast pylons were

used. The results for the two data sets are very similar and represent the

best fatigue lives achieved during the program. In addition, they are similar

to those for 7075-T73. Two different specimen sizes were used for the plates

(0.5-inch diameter) and pylons (0.375-inch diameter), which was taken into

account during the analysis. The pylon cross-section thickness was

insufficient for excision of the larger diameter specimens.

The procedure follows a similar approach to that currently used to

monitor the acceptable level of mid-plane microporosity occurring in thick

(>3.0 inch) 7050-T7451 aluminum plate being delivered to Northrop for use on

the F/A-18 program. This requirement is specified in McAir/Northrop Material

Specification EO F09070 to MMS-1420.

The F/A-18 specification requires that at least four smooth round bar

fatigue specimens are excised from the mid-plane of the plate. These

specimens have a 2-inch-long, 0.50-inch-diameter gage section and are tested

to failure under constant amplitude fatigue in accordance with ASTM E466 at a

maximum stress of 35 ksi, with a stress ratio R - 0.1. Failures at machining

defects are discounted and are replaced with a further specimen. The plate is

considered to be acceptable if each specimen exhibits a life of greater than

80,000 cycles and the log average life of the specimens is greater than

100,000 cycles. At the time these criteria were established, they were based

on the life trends obtained from plate that was considered to be acceptable,

according to prescribed penetrant inspection requirements, as opposed to

fatigue lives obtained from plate with unacceptable mid-plane porosity. The

selected limits were an engineering judgement based on observed trends rather

than a rigorous statistical approach. However, the quality verification of

D357-T6 castings was based on a statistical analysis of the data after

confirming the approach using 7050-T7451 plate data and comparing the results

with the current acceptance limits.

The EIFS distribution obtained from tests run [21] on a series of 2-

inch-long, 0.50-inch-diameter 7050-T7451 specimens is shown in Figure 105.

This represents the current standard acceptable material quality for this
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productC. To demonstrato equivalent: quali t~y for subseq u en1t material , it wi I I

be assuomeid that: it istfl necessa ry for the derived EIFS values; to fal. 1below t lih

95 percent. confidence line establ) ished for the stlallanard. The';e subsC ell Iltnt

results can be plotted using the same theory of: ranking approach for

establishing the standard distribution. Thus, for a sample of four specimens,

tihe highest EIFS value will be plotted at a median rank probabl .. ty lovev1. oi

84 percent [16]. The Value of ElFS relati.L.g to the 9.5 percent confidence

level at 84 percent: probability is 0.0043 inch (from Figure 105). The

relat:ionship between EIFS and life for a 0.50-Inc i-d Lameter 7050-1'74')l

specimen is determiined via the method given in Section 7 .2..3 and is showin in

Figure 106. The minimum expected life associated with a pore of this size is

obtained from Figure 106 (87,000 cycles). The acceptable average EIFS value

is obtained from the 95 percent confidence level at 50 percent probability as

0.0035 inch, and the associated minimum expected average life is obtained from

Figure 106 (103,000 cycles).

When the confidence band is expanded to 99.5 percent, the maximum

allowable pore size increases to 0.0045 inch and the maximum average pore size

increases to 0.0037 inch. Using these pore sizes gives a minimum expected

life of 84,000 cycles and a minimum expected average life of 99,000 cycles.

The acceptance criteria established by this method are thus shown to

guarantee maximum pore sizes below the upper 99.5 percent confidence level of

the standard distribution that agree very closely with the Northrop/McAir

specification established in EO F09070 to MMS-1420. Hence, a similar approach

for castings is proposed. However, the fatigue lives required to guarantee

inherent material quality will be determined for the D357-T6 specification

based on the more stringent 95 percent confidence boundary limit of the defect

size distribution established for the superior Foundry A plates and Alcoa

pylons.

The plate analysis was carried out based on specimens with a fairly

large (2-inch-long x 0.50-inch-diameter) critical zone surface area. However,

*hc practical size for the specimens cut from production aircraft castings is

likely to be smaller than this. The effect of specimen size is determined as

follows:
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Assuming a 0.050 - inch- deep critical surface volume for a 2-Inch-long,

0.50- inch-diameter specimen gives a critical zone voluiii, (V) of':

V 0.050VrD

Where D - 0.50-inch diameter

Q 2-inch gage length

Therefore, V - 0.1571 inch 3

Assuming that the critical zone volume (Vhole) for a typical 0.25-inch-

diameter hole in a thickness of 0.25 inch occurs at ±20 degrees from the

normal hole axis, then

Vhole - 0.050 ndt(80/360)

Where d - hole diameter of 0.25 inch

t - 0.25 inch thickness

Therefore Vhole - 0.002182 inch 3

Therefore, the number of 0.25-inch-diameter holes, drilled through a

thickness of 0.25 inch, that have the same critical zone volume as a 2-inch-

long, 0.50-inch-diameter test specimen is equal to 0.1571/0.002182 - 72.

Hence, the failure of the fatigue specimen can be considered to

represent the "suddern death'" failure of a set of 72 holes. Based on the

theory of ranking, a series of similar test groups would result in lives that

would cluster about the 1.15 percent probability level of the life

distribution expected from the general hole population. Conversely, the EIFS

values (obtained from the application of the method given in Subsection 7.2.3)

will cluster about the 98.8 percent probability level of the general EIFS

population.

The test specimen (or "sudden death") EIFS values are plotted as a

Weibull distribution using ranking tables and the median and 95 percent

confidence limits established by regression analysis. These trends can then

be used to provide the statistics for the general population by translating

them from the 50 percent probability median "sudden death" value to the 98.8

percent probability level.

294



This exercise was carried out for D357-T6 based on the fatigue results

from smooth round specimens excised from the Foundry A verification plates and

the A.'.coa pyl.ons. Although the specimen geometries for these two lots werg

sliphtly different (2 inches long x 0.50 inch diameter for the verification

material, and 1.5 inch long x 0.375-inch diameter for the pylons), the

resulting surface -rol.umes were still considered to be close enough for the

data to be combined. The results of this analysis are shown in Figure 107.

The resulting general population distribution can now be regressed back

to a "sudden death" trend for other specimen geometries, as shown below.

The general equation for th• number of 0.25-inch-diameter holes drill'2d

in a 0.25-inch-thick layer that are represented by a smooth round bar coupon

with gage length Q and diameter D is-

Nequiv - 0.050 rDV/0.002182 - 72 DV

The nunber of' holes is shown below for a range of gage section length

and diameter combinations.

GAGE LENGTH (in)

DIA
(in) 2.0 1.0 0.5

0.50 72 36 18

0,25 36 18 9

0.125 18 9 4.5

Based on the theory of ranking, the "sudden death" EIFS values obtained

from the above specimen geometries will cluster about the probability values

for the general population as shown below.
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EIFS WEIBULL ANALYSIS 0357.T6 CASTING, BASED
ON FOUNDRY A VERIFICATION AND PYLON DATA

99_ General Population, Translated
99 - ~ - from "Sudden Qeath" 50% Probability
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Figure 1.01. Weibull Distribution of D357-T6 Pylon and
Foundry A Verification Plate Data
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GAGE LENGTH (in)

DIA 2.0 1.0 0.5
(in) (%) (%) (%)

0.50 98.8 98.1 96.2

0.25 98.1 96.2 92.6

0.125 96.2 92.6 85.5

Hence, the "sudden death" statistics for the above specimen geometries

can be obtained by translating the median line of the previously generated

"general population" ditntribution from the above cluster points back to the 50

percent probability level.

The maximum expected "sudden death" EIFS is then read ac the highest

ranking probability for the number of specimens to be run from the 95 Percent

confidence line for the specimen type under investigation. Bised on the

theory of ranking, these probabilities are:

NUMBER OF HIGHEST RANK

SPECIMENS TESTED PROBABILITY (%)

2 70.7

3 79.4

4 84.1

The maximum expected average "sudden death" EIFS is read from the 95

percent confidence line at the 50 percent probability level for the specimen

type under investigation. This value is independent of the number of

specimens tested.
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The relationship between EIFS and life for various D357-T6 specimen

cross-section diameters is determined via the method given in Subsection 7.2.3

and is shown in Figure 108.

The minimum lives and the minimum average lives that can be accepted, as

a function of the number and geometry of the coupons tested are obtained from

Figure 108. These results are based on the 95 percent confidence upper rank

and 50 percent probability EIFS values determined from the statistical

manipulation described above. These are summarized in Tables 80 and 81 and

plotted for specimens with a 1-inch gage length in Figure 109.

Based on the above analysis, fatigue life acceptance requirements for

D357-T6 were recommended based on test results for three specimens. For

integrally-attached coupons, 2-inch-long x 0.5-inch-diameter specimens are

specified. For castings, specimens of this size may not be feasible, and

reduced length specimens with diameters of 0.25 or 0.375 inch are acceptable,

with the minimum and log average allowable fatigue lives adjusted accordingly.

Details are included in Subsection 11.1.1.1 and Appendix J.

Fracture Toughness

A fracture toughness of 21 ksiJin was included in the specification,

based on data obtained during the verification task of Phase I (Table C7,

Appendix C). A total of 11 compact cension tests were performed. Seven were

for water-quenched material; the remaining four were quenched in glycol. In

addition, five chevron-notched specimens, excised from the failed compact

tension specimens, were tested. The correlation between the two types of

tests was excellent.

The lowest compact tension fracture toughness value obtained was

21 ksiJin. This particular test yielded a valid KIc result, unlike most of

the compact tension tests. The lowest chevron-notch test result was almost

exactly the rme (21.5 ksijin). Thus, 21 ksiJin was selected for inclusion in

the specification. The selected test method was the chevron-notch, which is

now a valid ASTM test (E1304). The compact tension method was not recommended

hecause of the difficulties obtaining valid results for aluminum castings.
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Figure 108. Variation of Inferred Sudden Death EIFS of
D357-T6 Based on Fatigue Life
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TABLE 80. MAXIMUM EIFS AND MINIMUM FATIGUE LIFE VS.

SPECIMEN SIZE AND NUMBER OF TESTS
(Smax - 40 ksi; R - 0.1)

MAXIMUM EIFS (in) MINIMUM LIFE (CYCLES) _
SPECIMEN SPECIMEN GAGE LENGTH (in.) SPECIMEN GAGE LENGTH (in)

DIA (in) 2,0 1.0 0,50 2,0 1,0 0.50

(a) Two Tests

0.500 0.0200 0.01.90 0.0175 56000 62000 72000

0.250 0.0190 0.0175 0.01.60 43000 50000 63000

0.125 0.0175 0.0160 0.0145 22000 29000 40000

(b) Three Tests

0.500 0.0220 0.0210 0.0195 46000 51000 59000

0.250 0.0210 0.0195 0.0175 33000 40000 50000

0.125 0.0195 0.0175 0.0160 15000 22000 29000

(c) Four Tests

0.500 0.0240 0.0230 0.0215 39000 43000 49000

0.250 0.0230 0.0215 0.0190 26000 30000 43000

0.125 0.0215 0.0190 0.0170 10000 17000 25000

TABLE 81. MAXIMUM AVERAGE EIFS AND MINIMUM AVERAGE
FATIGUE LIFE VS. SPECIMEN SIZE

MAXIMUM EIFS (in)- MINIMUM AVG LIFE (CYCLES)
SPECIMEN SPECIMEN GAGE LENGTH in SPECIMEN CAGE LENGTH (in)
DjI1A (i2.0 1.Q 0.50 2.0 1.0 0.50

0.500 0.0160 0.0155 0.0150 85000 90000 95000

0.250 0.0155 0.0150 0.0140 67000 70000 83000

0.125 0.0150 0.0140 0.0125 35000 44000 57000
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l]. 1, 1.3 StppaitL2.y. !t•a for Specification Chanljzes Not Selected

During data consolidation (Phase III), the DADTAC data were analyzed to

select requirements for inclusion in a proposed new D357-T6 AMS specification

for ductility and damage tolerance applications. Three new requirements were

selected, as discussed in Subsection 11.1.1.,2. In addition to the three

selected recommendations, four other issues were investigated but were not.

selected for inclusion in the proposed new specification. All four were

approaches that could help achieve the target tensile, fatigue, and fracture

toughness values. However, after discussions with the foundry community and

the Air Force, it .qas decided that their use should be at the discretion of

the foundry. The four issues are discussed below. The data presented

indicate that, by carefully controlling the silicon particle size morphology

and hydrogen content, -nd perhaps by HIPing the casting, an improvement in

fatigue life might be attained. These factors should, therefore, be

considered by the foundry when producing oastings to meet the requirements

listed in Subsection 1.1,1.1.1.

Silicon Modifier

The inclusion of a silicon modifier was considered because there was a

clear indication of improvement (Subsection 5.3) in ductility, notched tensile

strength, NTS/YS ratio (an indicator of fracture toughness) and the silicon

particle morphology (Figure 17) of material at the edge of the cast plate

(i.e., not undei the chill). With adequate chilling it is possible to achieve

similar results as those obtained by adding a silicon modifier. However, the

latter promotes the formation of smaller silicon particles in those areas of a

casting that are not chilled. Silicon particles were shown to be the primary

crack initiation sites in the multihole durability specimens tested under

fatigue loading 'Subsection 10.5.7). Therefore, for fatigue-,critical

applications, the likelihood of forming large, irregularly-shaped particles of

a brittle phase such as silicon could be reduced by the use of a modifier,

with a possible improvement in fatigue life.

Both Sr a~id Na were evaluated in otherwise identical cast pylons

produced by the same foundry (Alcoa). There were differences in the balance
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of' mechanical properties achieved with the two modifiers (Subsection 10.4).

These differences may have been due to nonoptimized aging, though it is

possible that Sr may have provided better properties than did Na.

Specifically, the ductility and fracture toughness were higher for Sr- than

for Na-modified material.

Either Sr or Na could be used, depending on the foundry preference.

Some foundries believe that gas porosity is more readily controlled by using

Na, though no significant difference in measured porosity was observed between

the Na- and Sr-modified cast pylons evaluated in Phase II (Table 74).

Silicon Particle Aspect Ratio

The investigation described in Subsection 10.5.7 showed that, in the

absence of porosity, fatigue cracks typically initiate at silicon particles.

This is to be expected because the silicon is a brittle inclusion in a

relatively ductile matrix, which would promote a local increase in stress.

Compared with "spherical" silicon particles, the effect will be amplified for

elongated particles, which should therefore be avoided. Thus, a low silicon

particle aspect ratio is preferred. Of the three basic silicon particle

morphology parameters, the aspect ratio was also recommended by Boeing [26] as

being the most useful for controlling ductility. The other two parameters are

particle area and spacing.

The average aspect ratio for the verification plates from all three

foundries (Subsection 7.3.2) was 1.66±0.07. The total number of data points

was 37. Based on this average value and standard deviation, the inclusion of

a maximum aspect ratio of 1.80 was considered, i.e., average value plus 2a.

No specific data relating aspect ratio and fatigue life were obtained during

the program. However, based on the fact that irregularly-shaped brittle

phases are intuitively detrimental to mechanical properties, in an effort to

maximize fatigue life, a maximum aspect ratio was considered for inclusion in

the specification. This is supported by information in the literature [27];

it was reported that the fatigue life of A356 was dependent upon the distance

from the chill (solidification rate). Specifically, the fatigue life was

related to the dendrite cell size and the mcorphology of the silicon particles

which are stress raisers.
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Hydrogen Content

The stress-life fatigue data shown in Figure 48 indicate that the

fatigue life of D357-T6 is shorter than that of 7075-T73 and is dependent on

the amount of gas porosity present (Grade). Grade A/B material has a much

longer average fatigue life than Grade D, and it is comparable to the lower

bound for 7075-T73. The gas pores in the cast material nucleate fatigue

failure; hence, the higher the average porosity (Grade D), the shorter is the

fatigue life. Conversely, the maximum fatigue life for D357-T6 can only be

achieved by minimizing the gas porosity.

D357-T6 cannot be used for fatigue critical applications unless a useful

minimum fatigue life (maximum gas porosity) can be guaranteed. The gas

porosity in aluminum castings is hydrogen that comes out of solution during

alloy solidification, forming spherical pores in the solidified metal.

Hydrogen solubility is much greater in the liquid than the solid phase.

Minimizing the hydrogen gas in the alloy will assist in obtaining the best

possible fatigue life. To more clearly define the relationship between gas

porosity and fatigue life, the hydrogen gas content of 33 of the failed

fatigue specimens from Task 3 of Phase I was determined. The results were

obtained by Wright Laboratory using the DADTAC contract specimens. The

individual test results are detailed in Appendix L. Their significance is

discussed below, with the objective of determining if a maximum hydrogen

content could be included in an AMS specification to guarantee a minimum

fatigue life.

If the bulk hydrogen gas content is plotted against fatigue life, a

curve for each maximum fatigue stress is obtained. These are typified by

those shown in Figure 110 for 20 and 30 ksi. The results show that there is a

clear correlation between hydrogen content and fatigue life. However,

selection of a maximum hydrogen content (minimum fatigue life) is complicated

by the fact that the fatigue data are spread across a range of stress levels

(25 to 45 ksi). A common denominator was needed so that the individual

results could be normalized into a single data set. This was achieved by

calculating the equivalent initial flaw size (EIFS) for t'ich specimen. The
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Figure 110. Relationship Between Fatigue Life and
Bulk Hydrogen Content of D357-T6

305



"EIFS is calculated from a relationship that includes parameters derived from

constant amplitude fatigue test results, fatigue crack growth rate, and yield

strength (Subsection 7.2.3.1).

A plot of EIFS versus bulk hydrogen content is shown in Figure 11,

indicating a clear correlation. The regression equation for Grades A/B, B, C,

and D (Figure llla) data is:

EIFS - 0.065 + 0.411 Log (H 2 )

The region of the curve of most interest is at the lower hydrogen content

values (Grades A/B and B). The objective was to determine if a maximum

hydrogen content that will assure an acceptable, guaranteed fatigue life could

be identified. The Grade A/B and B data are plotted separately in Figure lllb

using an expanded scale. These data are defined by the linear relationship:

EIFS - 0.2 x (H 2 )

The Grade B data segregate into two groups, spanning an EIFS value of about

0.025 (0.13 ppm hydrogen). The fatigue life of the specimens with less than

0.15 ppm hydrogen are those that are in the upper end of the stress-life data

band shown in Figure 48. Based on these results, a value of 0.15 ppm was

considered for selection as the minimum allowable hydrogen content.

Hot Isostatic Pressing

Because the fatigue life of D357 was shown to be significantly shorter

than that of a wrought aluminum alloy (Figure 28), every possible means to

attain an improvement was considered. HIPing of B201 was shown in a previous

contract to provide a significant increase in fatigue life by reducing

shrinkage porosity [12]. Though the effect of HIPing on the fatigue life of

D357 was not specifically investigated, shrinkage porosity was observed during

the program. Hence, HIPing of D357 to reduce the amount of shrinkage, which

can b, a nucleation site for failure under fatigue loading, was considered.

306



C2 0

AIRE

-)[3

C) 1 B

A/BE -

A/L *

0 002 004 006 0D08 0 1

FLOUIVALE N INITIAL Fi-AW S17P (inches)
-------- (EIFS) -0.065 + 0&041 1 Log (Bulk H12 ppm ) ( ý -2

a. Grades A/B-D

0 26

U 24 - - - - -

0 22 ---- ~-- -~- -

0 020 ------ --

BE

0 1?2

0,10 ~

008 {
o00F ---. U a

0 02)

0 00 0 01( UI 12, b)fU )

'J( 'IVAi~ f N iNIIIAI f LAW ,zt ( ,h "

(Ii 1) U . )0 )( I . H (I ;,I 11 .1

b. Grades A/B arid P only

Figure 111. Bulk Hydrogyen Content of D357-T6 vs. Equivalent Initial- Flaw Size

307



11.1.2 B201-T7

Only one change to AMS 4242 is recommended; it should include a

provision for HIPing, which reduces microshrinkage and improves fatigue life

[12]. The suggested changes to the indicated sections of AMS 4242 are shown

below. All sections not indicated remain unchanged. AMS 4242 is reprinted in

its entirety in Appendix K.

3. TECHNICAL REQUIREMENTS

3.5 Heat Treatment: Castings and integrally-attached test

coupons shall be hot isostatically pressed (HIP) as specified in

3.5.3 and shall be solution and precipitation heat treated in

accordance with MIL-H-6088 except as specified in 3.5.1 and 3.5.2.

3.5.3 Hot Isostatic Pressing: All castings and integrally-

attached coupons shall be HIPed prior to heat treatment. A step

treatment of 910-930'F (490-500°C) for not less than two hours,

followed by 940-960°F (505-515'C) at a pressure of 15,000 psi for

inot less than three hours, is recommended.

11.2 PROCESS SPECIFICATIONS

No unusual processing methods were employed for producing any of the

cast plates or pylons for the DADTAC program. For the D357 and B201

verification plates, Alcoa cast the aluminum into a vertical mold; H1itchcock

Industries and Fansteel Wellman Dynamics both used a horizontal arrangement

(Subsection 7.2.1). Each foundry used different chill types and

configuration. The inboard wing pylons evaluated in Phase II were c(ast by

Alcoa using the same molds previously employed over many years for the

production pylons. However, some indications of guidelines for producing

D357-T6 and B201-T7 castings can be derived from analysis of the test data, as

described in the fcllowing sections.
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11.2.1 D357-T6

Analysis of the microstructural and mechanical property data for D357-T6

reveals information that might facilitate the production of castings with

improved properties. For D357-T6, Foundry A verification plates had the

longest fatigue lives (Figure 28) and the lowest equivalent initial flaw size

(Table 49). The other two foundries were similar to each other in this

regard, but not as good as Foundry A. The smooth fatigue (Kt - 1.0) stress-

life test is very sensitive to the presence of casting defects, which are

potential crack initiators. The more defects that are present in a material,

the higher is the likelihood that one will be positioned at a critical

location that results in early failure under fatigue loading, e.g., on the

surface of the gage section of a fatigue specimen. The indications are,

therefore, that Foundry A produced "cleaner" material.

In Phase II, it was observed that fatigue crack initiation of the

multihole specimens often occurred at silicon particles. It is clear,

therefore, that silicon particles should be as small and as spherical as

possible. An analysis of the percent porosity of the verification plates that

met the property requirements (Table 45) shows that there is little difference

from foundry-to-foundry. While there are differences in silicon particle

morphology between plates from the three foundries, there are no major trends.

However, several plates from Foundries B and C were rcjprtpd bccause they

failed to meet the tensile property requirements. Data for these plates were

not included in Table 45. If silicon particle morphology and percent porosity

data for the rejected verification plates are included in the overall

assessment, the results are more revealing (Table 82). The average DAS,

silicon particle spacing and area, and percent porosity are now all smaller

for che Foundry A plates than for Foundries B and C. In light of the smooth

fatigue results, the absence of measurable porosity and the smaller silicon

particles in the Foundry A material may be major contributors to its excellent

fatigue properties. Also, the rejected plates from Foundries B and C weie

observed to have Inclusions (dross) on the surface of tensile specimens tfi.

did not meet the specificarion minimum ductility value. These inclusions

probably contributed to the shorter fatigue lives of Foundry B and C material.
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TABLE 82. SILICCN PARTICLE MORPHOLOGY AND POROSITY
FOR ALL D357-T6 VERIFICATION PLATES

Si PARTICLE MORPHOLOGY

DAS AREA SPACING ASPECT POROSITY
FOUNDRY (INCH) (pm2) (mm) RATIO (%)

A 0.0011 13 37 1.6 0

B 0.0017 20 43 1.6 0.11

C 0.0015 16 46 1.7 0.18
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The effect of a nonoptimum microstructure on the properties of D357-T6

(Subsection 8.4) was significant. The mechanical properties, particularly

tensile properties and fracture toughness, were reduced by the development of

a much more coarse microstructure.

The main conclusion is that, from the Foundry A data, it is possible to

produce castings that result in improved fatigue properties. The fatigue life

for Foundry A material (Figure 28a) more closely approaches that of 7075-T73

than Foundries B and C, and exhibits a higher value for both the upper and

lower extremities of the data scatter. Unless the fatigue life of aluminum

castings can be both consistent and close to that of conventional ingot

alloys, they are unlikely to be used in fatigue-critical applications.

Foundry A showed that this goal might be achievable by attaining a fine

microstructure with little or no detectable porosity. Verification of this

quality can be achieved by the use of a fatigue test.

To achieve the improved fatigue properties exhibited by Foundry A,

foundry practices must include significant precautions to ensure that the fino

microstructure and, in particular, a very low porosity content is achieved.

11.2.2 B201-T7

All the cast B201-T7 verification plates met the AMS 4242 specification

requirements and the mechanical properties were essentially unaffected by

significantly increasing the grain si7e (Subsection 8.5); only the limited

spectruia fatigue life results ihowed an indication of deterioration. All

plates were HIPed, which reduced the amouxit of porosity in the castings

(Subsection 7.4.8). Similar to D357-T6, B201-T7 supplied by Foundry A had the

lowest EIFS and longest fatigue lives (Figure 41) which is an indication of

"cleaner" material.

Similai to D357-T6, Foundry A showed that good fati ;ue lives can be

achieved, presumably through careful control of those foundry pract ices tlit

can affect the amnount of porosity present ii, the c:stings.
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11.3 APFLICABILITY OF MIL-A-8722I AND MIL-A-83444 TO 'REMIUM QUALITY CASTIN(;S

Based on a comparison of inherent flaw size Weibull distributions

obtained for 7050-T7451 plate (Figure 112) using Northrop IR&D data [15] and

the verification casting material (Figures 33 and 46), the inherent flaws

present in Grade B D357-T6 and B201-T7 provided by all three foundries are an

order of magnitude greater than those found in wrought aluninum alloys.

However, Foundry A material demonstrated significantly Icnger fatigue lives

than Foundries B and C (Figures 28 and 41). Foundry A D357-T6 verification

and Alcoa pylon fatigue data were selected for developing the requirements to

be included in the proposed new AMS specification (Section 11.1.1.2) and are

used as a basis for assessing compliance with the durability requirements in

MIL-A-87221.

For w~ought alloys, initial flaw size assumptions tend to be based on

demonstrated manufacturing procedures; any inherent material defects are

overshadowed by flaws that occur during manufacturing of the part. However,

castings tend to have upper bound defects that are more a function of inherent

material quality than part manufacture or aircraft assembly procedures. The

guidelines for durability analysis given in MIL-A-87221 require that:

"the durability analysis should demonstrate that an assumed initial flaw

in typical quality structure would not propagate to a size which would

cause functional impairment in two lifetimes of the service usage

spectrum and that, additionally, it is unlikely that, by means of crack

initiation analysis, fatigue cracks will initiate in the same period of

time."

For initial design, MIL-A-87221 defines the assumed initial flaw size at

a stress riser as a 0.010-inch-radius corner flaw. This initial flaw size

requirement is adequately satisfied by the upper 95 percent confidence limit

determi.ned for the average (or "typical quality") EIFS value obtained for the

Foundly A plates and the Alcoa pylons selected as a basis to develop the

proposed D357-T6 specification.
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The requirements of MIL A-87221 are thus satisfied for specification-.

controlled premium quality castings by conducting a standard crack growth

analysis from an initial flaw of 0.010 inch to a size that is assumed to caltse

functional impairment.

MIL-A-87221 indicates that reductions in the initial flaw size

assumptions used for both durability and damage tolerance analyses may be

negutiated when certain fatigue improvement techniques or assembly Procedures

are used. However, reductions in initial flaw size assumptions are not

proposed for premium quality castings. This is because initial flaw sizes are

primarily a function of inherent material quality rather than subsequent part

manufacturing methods.

The equivalent initial flaw size for D357-T6 and B201-T7 verification

plates (Subsections 7.3.6 and 7.4.7) was less than the MIL-A-83444 damage

tolerance value (0.05 inch). Thus, the requirements of MIL-A-83444 can b-

applied without modification, However, because the flaws are inherently

associated with the casting process, the possibility of negotiating a

reduction in the 0.05 inch requirement based on demonstrated improvements in

subsequent manufacturing quality (e.g., machining) should not be considered.

Any application of durability and damage tolerance requirements also

requires that demonstrated lives and crack growth trends can be accurately

predicted by analytical techniques and that the material behaves in a

consistent manner. It has been demonstrated that the data spread for D357-T6

premium quality castings was within the bounds normally expected for this type

of testing and that the iesults can be estimated via the Northrop unified life

prediction method [13].
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SECTION 1.2

SUMMARY OF DADTAC PROCRAM CONCLUSIONS

Conclusions and/or recommendations are iisted at the end of each of the

major sections of this report. The main conclusions are summarized below.

For further details, refer to the appropriate section.

12.1 PHASE I, TASK I - NDI ASSESSMENT

1. The FAI NDI method provides d qualitative correlation with X-ray

grades, particularly for castings that contain gas porosity. Part

of the scatter in the FAI results can be explained by a wide

variation of the number of defects observed in the radiographs of

Grade B material. Further development is needed before data for

foreign material can be correlated with X-ray results

2. The eddy current technique can be used to detect the presence of

cracks under fasteners in castings, and to determine crack length.

12.2 PHASE I, TASK 2 - SCREENING TESTS

1. The inclusion of a silicon modifier in D357-T6 iwproves mechanical

properties, particularly ductility and toughne:;s

2. The requirements for optimizing the DADT and tensile properties of

D357-T6 and B20I-T7 do not conflict.

12.3 PHASE I, TASK 2 - PROPERTY VERIFICAIION

1. D357-T6 hnd B201-T7 made according to the modified AMS 4241 and

4242 specifications, respectively, had inherent material equivalent

initial flaw sizes that are less than the value currently assumed

(0.050 inch) for standard damage tolerance analysis. Therefore,

D357-T6 and B201-T7 can be considered for damage tolerance
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applications based on the evisting requirement:s of MIL-A-83444 and

MIL-A-87221.

12.4 PPASE I, TASK 3 - EFFECT OF DEFECTS

1. Increased soundness resulted in an improvement in the overall

balance of mechanical properties of D357-T6. The best properties

were observed for Grade A/B, essentially defect-free, and weld

material (also Grade A/B). The effect of soundness was

particularly noticeable for fatigue life (Kt - 1.0). The fatigue

crack growth rate was insensitive to soundness.

2. A nonoptimum (coarse) microstructure significantly reduced the

mechanical properties of D357-T6, but had little effect on HIPed

B201-T7.

12.5 PHASE II - CASTINGS QUALIFY VERIFICATION

I. The cast plate technology evaluated in Phase I can be successfully

scaled up to make large, complex-shaped, aircraft castings.

12,6 PHASE III - DATA CONSOLIDATION

1. The durability and damage tolerance test data indicated that the

D357-T6 results are consistent and predictable for the spectrum

severities that would normally be encountered for its usage

2. The durability requirements of MIL-A-87221 were met by D357-T6

(Foundry A plates and Alcoa pylons) and B201-T7 (combined

verification data from all three foundries)

3. A new D357 specification should be introduced for durability and

damage tolerance aircraft applications. The specification should

be based on AMS 4241 and include requirements for fatigue life,

fracture toughness, and dendrite arm spacing. A draft

specification is included in Appendix J. The specification varies

from AMS 4241 as follows:
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a) Requirements for fatiguee life and fracture toughness are

Included.

b) A maximum DAS of 0.0020 inch in the designated areas of the

casting should be achieved.

4. AMS 4242 (B201-T7) should include a provision for HIPing to reduce

the amount of microshrinkage.
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SECTION 13

SPECIAL CONSIDERATIONS

The technology developed under the DADTAC contract will not require the

development of any environmental regulations or other special considerations

from the standpoint of potential future scale-up to production quantities.

All recommended specification changes are within the scope of current

technology. Both Na and Sr can readily be used as silicon modifiers for D357,

and HIPing is standard technology and can be applied to D357 or B201 without

problem.
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APPENDIX A

PHASE I, TASK 2

D357-T6 SCREENING TEST DATA
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TABLE Al. EFFECT OF PROCESS VARIABLES ON THI,- ULTIMATE TENSILE
STRENGTH OF D357-T6 WITHIN COMPOSITION SPECIFICATION

ULTIMATE TENSILE STRENGTH (ksi)

AGE AGE
COMPOSITION 1  SLOW SOLIDIFICATION2  FAST SOLIDIFICATIQN 3  AVERAGE

315F/12HR 335F/6HR 315F/12HR 325F/6HR

0.19Ti-O.0OMn-0.053Be 51.8 52.5 52.6 54.0
49.0 48.1 49.8 52.7

Average. 50.4 50.3 51.2 53.4 51.3

0.07Ti-0.00Mn-0.04Be 48.5 52.5 48.6 55.1
49.6 51.1 49.6 53.2

Average 49.0 51.8 49.1 54.2 51.0

0.60Mg 50.8 53.3 52.3 54.7
48.6 50.4 51.8 54.5

Average 49.7 51.8 52.0 54.6 52.0

_0.56Mg 52.3 52.8 54.0 55.4
49.2 51.4 53.1 54.2
48.8 - - 52.6

Average 50.1 52.1 53.5 54.1 52.5

7.41Si 50.8 52.5 53.4 54.7
48.3 50.3 48.5 48.8

Average 49.5 51.4 51.0 51.8 50.9

6.53Si 51.5 54.2 54.0 54.3
50.8 52.3 49.3 50.8
47.2 - - 49.1

Average 49.8 53.2 51.6 51.4 51.5

0. 8Fe 50.6 51.7 54.1 54.6
49.5 50.7 50.4 49.4

Average 50.0 51.2 52,2 52.0 51 4

0.OOSr 50.9 51.7 53.6 53.9
48.3 50.8 51.4 51.5

Average 49.6 51.2 52.5 52.7 51.5

Nominal 51.4 48.6 51.0 49.6
51,5 50.4 50.4 53.2

Average 51.5 49.5 50.7 51.4 50.8

Average 50.0 51 4 51.5 52.8 51.4

1 1 Other elements; mid-range or the specification
2) Fe chill; 14401' pour temperature
3) Cu chill; 1380F pour temperature
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TABLE A2. EFFECT OF PROCESS VARIABLES ON THE ULTIMATE TENSILE
STRENGTH OF D357-T6 OUTSIDE COMPOSITION SPECIFICATION

ULTIMATE TENSILE STRENGTH (ksi)

AGE AGE
COMPOSITION 1  SLOW SOLIDIFCATO)N2  FAST SOLIDIFCATION 3  AVERAGE

315F!12HR 335F/6HR 315F/12HR 335F/6HR

0.45Mg 51.0 51.8 51.0 47.5
50.2 51.8 50.0 50.6

Average 50.6 51.8 50.5 49.0 50.5

O.OOTi 50.5 47.9 51.6 51.0
51.4 49.9 52.4 52.1

Average 51.0 48.9 52.0 51.5 50.9

0.027Fe-0.0005Be 52.2 51.2 52.8 50.6
52.9 52.3 45.3 54.0

Average 52.5 51.8 49.0 52.3 51.4

Average 51.4 50.8 50.0 51.5 50.9

1) Other elements; mid-range of the specification
2) Fe chill; 1440F pour temperature
3) Cu chill; 1380F temperature
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TABLE A3. EFFECT OF PROCESS VARIABLES ON THE YIELD STRENGTFH OF
D357-T6 WITHIN COMPOSITION SPECIFICATION

YIELD SLEG ksiH( '

AGE AGE
COMPOSITION 1  SLOW SOLIDIFICATION 2  FAST SOLIDIFICATION 3  AVERAGE

315F/12HR 335F/6HR 315F/12HR 335F/6HR

0.I 0 Ti-0.10Mn-0.053Be 41.8 43.9 41.8 44.4
42,5 43.4 41.7 44.5

Average 42.1 43.6 41.8 44.5 43.0

0.O7Ti-0.00Mn-0.04Be 42.1 44.1 41.5 45.3
41.6 43.5 41.8 44.0

Average 41.9 43.8 41.6 44.6 43.0

0.60Mg 40.7 44.6 42.8 45.4
41.6 44.7 43.3 46.0

Average 41.2 44.7 43.1 45.7 43.7

0.56Mg 42.6 44.3 43.2 46.5
41.2 43.5 42.4 45.4
42.2 - - 45.5

Average 42.0 43.9 42.8 45.8 43.6

7.41Si 42.2 44.9 41.8 44.3
41.6 44.1 41.7 43.8

Average 41.9 44.5 41.8 44.0 43.0

6.53Si 42.1 44.6 42.5 44.8
41.5 44.7 41.4 43.5
41.1 - - 43.0

Average 41.6 44.7 42.0 43.8 43.0

0.18Fe 42.9 45.3 44.0 44.6
42.6 45.2 42,6 45.5

Average 42.8 45.2 43.3 45.0 44.1

0.OOSr 42.5 45.5 42.5 44.3
42.5 45.5 43.5 44.4

Average 42.5 45.5 43,0 44.3 43.8

Nominal 41.9 42.1 41.4 44.4
43.8 42.6 41.8 45.8

Average 42.8 42.4 41.6 45.1 43.0

Average 42.1 44.2 42.3 44.8 43.4

1 ) Other elements; mid-range of the specification
2) Fe chill; 1440F7 ponur temperature
3) Cu chill; 1380F pour temperature



TABLE A4. EFFECT OF PROCESS VARIABLES ON YIELD STRENGTH OF
D357-T6 OUTSIDE COMPOSITION SPECIFICATION

AGE AGE
COMPOSITION 1  SLOW SQLIDIF1CATIQN 2  FAST SOLIDIFICATi.Qjj 3  AVERAGE

315F/12HR 335F/6HR 315F/12HR 335F/6I-IR

0.45Mg 40.8 43.2 39.0 40.7
39.4 42.4 38.8 41.4

Average 40.1 42.8 38.9 41.0 40.7

0.00Ti 41.5 41.2 42.2 43.1
42.1 42.4 41.9 43.3

Average 41.8 41U.; 42.0 43.2 42.2

0.027Fe-0.O0O5Be 42.7 45.2 43.6 43.9
42.9 44.6 41.9 44.9

Average 42.8 44.9 42.8 44.4 43.7

Average 41.6 43.2 41.2 42,9 42.2

1) Other elements; mid-range of the specification
2) Fe chill; 1440F pour temperature
3) Cu chill; 1380F temperature
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TABLE A5. EFFEC7' OF PROCESS VARIABLES ON THE ELONGATION
OF D357-T6 WITHIN COMPOSJT:ON SPECIFICATION

ELQNGAflQNM.~

AGE AGE
COMPOSITiON 1  SLOW SOLIDIFICATION 2  EAqj SI.LIFIHCA N3TJ AVERAGE

315SF/12HR 335F/6HR 315F/1I2HR 335F/6HR

0.19Ti-0.10Mn-0.053Be 7.5 - 8.5 8.5
3.0 1.5 4.5 5.0

Average 5.2 1.5 6.5 6.8 5.0

0.07Ti-0.00Mn-0.04Be 3.5 5.5 3.0 12.0
4.5 4.5 4.0 6.5

Average 4.0 5.0 3.5 9.2 5.4

0.60Mg 6.0 6.0 7.0 7.5
3.0 2.5 5.0 6.5

Average 4.5 4.2 6.0 7.0 5.4

0.56Mg 6.5 6,0 10.5 8.0
4.0 5.0 8.5 7.0
3.4 - - 5.9

Average 4.6 5.5 9.5 7.0 6.7

7.4 1Si 5.0 3.5 10.5 9.0
3.0 3.0 3.0 1.5

Average 4.0 3.2 6.8 5.2 4.8

6.53Si 6.0 7.0 13.5 9.5
6.0 5.0 4.5 4.0
3.2 - - 3.7

Average 5.1 6.0 9.0 5.7 6.5

0. !Fe 3.5 3.5 7.0 9.5
3.0 2.5 3.5 1.0

Average 3.2 3.0 5.2 5.2 4.2

0.OOSr 3.5 2.0 8.0 6.0
1.5 1.5 3.0 2.5

Average 2.5 1.8 5.5 4.2 3.5

Nominal 6 8 3.1 5.7 2.0
4.9 5.1 4.9 5.3

Average 5.8 4.1 5.3 3.6 4.7

Average 4.3 3.8 6.4 6.0 5.1

1) Other elements; mid-range of the specification
2) Fe chill; 1440F pour temperature
3) Cu chill; 1380F pour temperature
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TABLE A6. EFFECT OF PROCESS VARIABLES ON FILONGATION 01;
D357-T6 OUTSIDE COMPOSITION SPECIL•ICA"'I(N

AGE AGE
COMPOSITION • £QL .IIAIQN2  pAi SOLIpIRCA11ON 3  AVERAGE

315F/12HR 335F/6HR 315F/12HR 335F/6HR

0.45Mg 11.5 6,1 14.4 4.3
10.8 9.1 12.8 8.4

Average 11.2 7.6 12.6 6.3 9.7

0.OOTi 5.2 2.7 6.3 5.9
6.7 3.8 8.0 7.4

Average 6.0 3.2 7.2 6.7 5.8

0.027Fe-0.0005Be 10.9 5.2 11.4 2.8
11.0 8.4 8.7 8.4

Average 10.9 6.8 10.1 5.6 8.3

Average 9.3 5.9 10.3 6.2 7.9

1) Other elements; mid-range of the specification
2) Fe chill; 1440F pour temperature
3) Cu chill; 1380F temperature
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TABLE A7. EFFECT OF PROCESS VARIABLES ON THE NOTCHED TENSILE
STRENGTH OF D357-T6 WITHIN COMPOSITION SPECIFICATION

NOTCHED TENSILE SR • ,NT.ksij

AGE AGE
COMPOSITION 1  .,Qay SOLIDIFICATION 2  E A f S IFLl C { 3  AVERAGE

315F/12HR 335F/6HR 315F/12HR 335F/6HR

0.l! 9Ti-0.10Mn-0.0531Bc 52.2 48.7 56.4 56.6
51.6 48.0 55.7 57.2

Average 51.9 48.4 56.0 56.9 53.3

0.07TiO0.00Mn-0.0413e 56.7 55.0 55.5 57.9
54.7 52.3 54.9 59.9

Average 55.7 53.6 55.2 58.9 55.9

0.60Mg 51.5 53.1 56.4 57.4
51.8 54.6 55.7 56.4

Average 51.6 53.9 56.0 56.9 54.6

0.56Mg 48.9 51.6 58.1 59.4
48.7 57.2 57.2 56.8

Ave•age 48.8 54.4 57.7 5.81 54.7

7.41Si 50.6 52.5 52.7 49.4
51.6 52.0 53.3 50.6

A icrage 51.1 52.2 53.0 50.0 51.6

6.53Si 49.4 48.8 55.3 56.3
48.1 52.9 55.1 55.6

Avcraze 48.8 50.8 55.2 56.0 52.7

0.18Fe 53.3 47.8 53.8 50.5
52.4 49.5 53.8 54.1

Average 52.8 48.6 53.8 52.3 51.9

0.QOSr 53.2 42,2 44.4 42.9
43.2 43.1 47.5 45.9

Average 43.2 42.7 46.0 44.4 44.1

Nominal 56.8 52.6 55.8 51.9
55.0 52.1 55.9 47.7

Average 55.9 52.4 55.8 49.8 53.5

Average 51.1 50.8 54.3 53.7 52.5

1) Other elements; mid-range of the specification
2 Fe chill 1440F pour temperature
3) Cu chill, 1380F pour temperature
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TA[.BLE A8. EFFECT OF PROCESS VARIABLES ON TIn 't NOI'CtEI) TENSILE
STRENGTH OF D357-T6 OUTSIDE C( ,MPOSITION SPECIFICATION

N2ECHED TEN-1LE STRENGTH (hsi~)

AGE AGE
COMPOSITION1  SLOQW 'D,_• i1L.). In.I N2  FAST SOLIDIFICATION3 AVERAGE

315FI2HR 335F/6HR 315F/12HR 335F/6HR

0.45Mg 58.7 54.7 55.4 50.7
57.4 55.5 56.6 55.0

Average 58.0 55.1 56.0 52.9 55.5

0.00Ti 53.1 46.4 52.5 53.5
52.6 43.4 49.9 54.7

Average 52.9 44.9 51,2 54.1 50.8

0.027Fe-O.OOO5Be 61.7 56.3 57.7 53.6
60.6 57.8 57.4 57.5

Average 61.2 57.0 57.5 58.0 58.5

Average 57.4 52.4 54.9 55.0 54.9

1) Other elements; mid-range of the specification
2) Fe chill; 1440F pour temperature
3) Cu chll; 1380F temperature
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TABLE A9. EFFECT OF PROCESS VARIABLES ON THE NTSR'YS RATIO OF
D357-T6 WITHIN COMPOSITION SPECIFICATION

NTSITYS RAMQ

AGE AGE
COMPOSITION 1  SLOW SOLIDIFICATION 2  FAST SOLIDIFICATIQN 3  AVERAGE

315F/12HR 335F/6HR 315F/12HR 335F/6HR

0.i9Ti-o.I0Mn-0.053Bc 1.25 1.11 1.35 1.27
1.21 1.11 1.34 1.29

Average 1.23 1.11 1.34 1.28 1.24

0,O7Ti-0.00Mn-0.04Be 1.35 1,25 1.34 1.28
1.31 1.20 1.31 1.36

Average 1.33 1.22 1.33 1.32 1.30

0,60Mg 1.27 1.19 1.31 1.26
1.25 1.22 1.29 1.23

Average 1.26 1.21 1.30 1.25 1.25

0.56Mg 1.15 1.16 1.34 1.28
1.18 1.31 1.35 1.25

Average 1.16 1.24 1.35 1.26 1.25

7.41Si 1.20 1.17 1,26 1.12
1.24 1.18 1,28 1.16

Average 1.22 1.17 1.27 1.14 1.20

6.53Si 1.17 1.09 1.30 1.26
1.16 1.18 1.33 1.28

Average 1.17 1.14 1.32 1.27 1.22

0.18Fc 1.24 1.06 1.22 1.13
1.23 1.10 1.26 1.19

Average 1.24 1.08 1.24 1.16 1.18

0.OOSr 1.02 0.93 1.04 0.97
1.02 0.95 1.09 1.03

Average 1.02 0.94 1.07 1.00 1.01

Nominal 1.36 1.25 1.35 1.17
1.26 1.22 1.34 1.04

Average 1.31 1.24 1.34 1.11 1.25

Average 1.21 1.15 1.28 1.20 1,21

1) Other elements; mid-range of the specification
2) Fe chill; 1440F pour temperature
3) Cu chill; 1380F pour temperature

334



TABLE A10. EFFECT OF PROCESS VARIABLES ON THE NTS/TYS RATIO 0IF
D357-T6 OUTSIDE COMPOSI[iON SPECIFICATION

NTSITYS RATIO

AGE AGE
COMPOSITION1  L ,•W OLIW .ICATION2  FAST SOLIDIFICATION 3  AVERAGE

315F/12HR 335F/6HR 315F/12HR 335F/6HR

0.45Mg 1.44 1.27 1.42 1.25
1.46 1.31 1.46 1.33

Average 1.45 1.29 1.44 1.29 1.37

O.OOTi 1.28 1.13 1.24 1.24
1.25 1.02 1.19 1.26

Average 1.26 1.07 1.22 1.25 1.21

0.027Fe-O.0005Be 1.44 1.25 1.32 1.33
1.41 1.30 1.37 1.28

Average 1.43 1.27 1.35 1.31 1.34

Average 1.38 1.21 1.33 1.28 1.30

1) Other elements; mid-range of the specification
2) Fe chill; 1440F pour temperature
3) Cu chill; 1380F temperature
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TABLE A 11. EFFECT OF PROCESS VARIABLES ON THE FATIGUE LIFE OF
D357-T6 WITHIN COMPOSITION SPECIFICATION

FATIGUE LIFE (CYCLES TO FAILURE)*

AGE AGE
COMPOSITION] SLWQ LIDIFICATION2  FAST SOLIDIFICAIQN 3  AVERAGE

315F/12HR 335F/6HR 315F/12HR 335F/6[IR

0. 1 9Ti-O. 10Mn-0.053Be 135809 131993 266713 248401
70317 81367 110664 199227

-- - 244896 -
Log Averege 97722 103633 193349 222459 149223

0.07Ti-0.0OMn-0.04Be 134390 95497 157622 129575
210300 195147 168357 307069

Log Average 169113 136513 162901 199470 165251

0.60Mg 91589 138636 612997 414731
66727 74555 227710 73997

..- - 146970
Log Average 78175 101666 373611 164884 150463

0.56Mg 147835 84636 573030 634933
142523 87737 671856 431329

Log Average 145154 861.72 620478 523321 252449

7.41Si 55629 90454 61153 43679
77129 38451 209015 76517

-- - 125333 -
Log Average 65502 58974 117009 57811 75519

6.53Si 106671 183851 100145 69402
83548 93809 106207 121013

Log Average 94404 131327 103131 91643 104042

0. 18Fe 67594 80450 73759 304864
71749 88287 158423 402408

- - 91485 -
Log Average 69640 84277 102249 350256 118240

0.OOSr 41127 60504 56235 103076
67121 92936 164092 60872

-- - 1019540 -
- - 100518 -

Log Average 52540 74986 175362 79224 99183

Nominal 66881 61351 40848 48123
47787 71954 39361 39762

Log Average 56533 66441 40097 43743 50663

Log Average 85275 90396 156214 143842 117354
* Specimen with a hole; Kt=2.42, 20 ksi net maximum stress

1) Other elements; mid-range of the specification
2) Fe chill; 1446F pour temperature
3) Cu chill; 1380F pour temperature
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TABLE A12. EFFECTI" OF PROCESS VARIABI.,ES ON TIIE FATIGUI- I.!: OF
D357-.T6 OUTSIDE COMPOSITION SPECIt [ICATION

AGE AGE
COMPOSITION 1  SLOW SOLIDIFICAITION 2  FASTLQLIDI.FICATIjN 3  AVERAGE

315F/12HR 335F/6HR 315F/12ttR 335F/61R

0.45Mg 77984 53464 83258 61960
77769 64874 92214 49888

Log Average 77876 58893 87621 55597 68751

0.00Ti 81977 71298 42198 '14891
74162 41332 74501 670M0

Log Avernge 77971 54285 56069 70835 04032

0.027Fe-0.0005Be 73279 62341 46169 52650
91157 85!96 60064 54739

Lo)g Average 81730 72878 52660 53684 64058

Log Average 79172 61533 63719 59573 65577

* Specimen with a hole; Kt=2.42, 20 ksi net maximum stress
1) Other elements; mid-range of the specification
2) Fe chill; 1440F pour temperature
3) Cu chill; 1380F temperature
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APPENDIX B

PHASE I, TASK 2

B201-T7 SCREENING TEST DATA
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TABLE BI. EFFECT OF PROCESS VARIABLES ON THE ULTIMATE TENSILE
STRENGTH OF B201-'17 WITIIIIN COMPO1ITION SPECIFICATION

ULfMAL--T IRENGTH ksi)

AGE AGE
COMPOSITION 1  SLOW, S0LaU]fjrF .. 2  EAST-_Q, DiFICATIOh!3  AVERAGE

360F/8HR 380F/5H11 360F/81-IR 380F/5HR

0.35Ti-0.43Mn 65.7 63.4 63.5 62.5
62.9 59.4 66,4 62.3

Average 64.3 61.4 65.0 62.4 63.3

0.19Ti-0.24Mn 65.5 65.1 66.1 64.2
67.4 66.1 66.1 66.3

Average 66.5 65.6 66.1 65,2 65.8

4.95Cu-0.98Ag-0.32Mg 70.9 68.6 69.0 69.9
69.3 70,1 70.5 68.5

Average 70.1 69.3 69.8 69.2 69.6

4.65Cu-0.57Ag-0.26Mg 64.4 65.4 64.4 65.4
66.1 63.9 65.8 62.1

Average 65.2 64.7 65.1 63.8 64.7

0.041Fe-0.043Si 64.1 58.0 64.8 60.8
64.9 61.9 63.8 59.9

Average 64.5 60.0 64.3 60.3 62.3

Nominal 57.9 58.3 72.0 70.8
62.9 61.0 70.5 68.3

Average 60.4 59.6 71.2 69.5 65.2

Average 6.52 63.4 66.9 65.1 65.1

1) Other elements; mnid-range of the specification
2) Fe chill; 1450F pour temperature
3) Cu chill; 1350F pour temperature
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TABLE B2. EFFECI' OF PROCESS VARIABLES ON THE ULTIMATE TENSILE
STRENGTH OF B201-T7 OUTSIDE COMPOSITION SPECIFICATION

d.I.,. h TENSJ.,E STRENGTH (ksi)

AGE AGE
COMPOSITION1 SLOW SOLIDIFICATION 2  EAST SOLIDIFICATION 3  AVERAGE

360F/8HR 380F/5HR 360F/8HR 380F/5HR

0.052Ti 68.1 66.4 69.1 66.7
69.1 67.9 69.0 68.4

Average 68.6 67.2 69.0 67.6 68.1

5.25Cu-1.45Ag-0.43Mg 77.8 76.1 78.0 75.5
71.0 72.0 76.9 76.4

A,/rage 74.4 74.0 77.5 76.0 75.5

Average 7,.5 70.6 73.2 71.8 71.8

1) Other elemnts; mid-range of the specification
2) Fe chill; 1450F pour temperature
3) Cu chill; 1350F temperature
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TABLE B3. EFFECT OF PROCESS VARTABLES ON THE YIELD STRENGTH OF
B201-T7 WITHIN COMPOSITION SPECIFICATION

YELD STRENGTH (ksi.l

AGE AGE
COMPOSITION 1  SaLW SOL!.W1TCATIIN 2  EAST SOLIDIFCATION 3  AVERAGE

360F/8HR 380F/5HR 360F/8HR 380F/5HR

0.35Ti-0.43Mn 58.7 56.0 57.0 54.8
59.6 56.3 60.1 57.3

Average 59.2 56.1 58.5 56.0 57.5

0. 19Ti-0.24Mn 60.1 59.3 60.1 57.9
61.9 60.4 60.5 60.2

Average 61.0 59.8 60.3 59.0 60.0

4.95Cu-0.98Ag-0.32Mg 66.1 62.6 62.9 64.0
63.6 64.3 64.7 62.4

Average 64.8 63.5 63.8 63.2 63.8

4.65Cu-0.57Ag-0.26Mg 57.4 58.2 57.0 58.0
59.7 56.5 59.2 54.7

Average 58.5 57.4 58.1 56.4 57.6

0.041Fe-0.043Si 59.1 55.7 59.7 54.2
59.0 55.4 57.7 56.9

Average 59.0 55.5 58.7 55.5 57.2

Nominal 57.3 57.2 65.4 63.3
62.1 59.4 59.9 60.8

Average 59.7 58.3 62.7 62.0 60.7

Average 60.4 58.4 60.4 58.7 59.5

1) Other elements; mid-range of the specification
2) Fe chill; 1450F pour temperature
3) Cu chill; 1350F pour temperature
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TABLE B4. EFFECT OF PROCESS VARIABLES ON THE YIELD STRENGTH OF
B201-T7 OUTSIDE COMPOSITION SPECIFICATION

YIELD STRENGTH (ksi)

AGE AGE
COMPOSITION 1  SLOW SOLIDIFICATION2 FAST SOLIDIFICATION 3  AVERAGE

360F/SHR 380F/5HR 360F/8HR 380F/5HR

0.052Ti 63.5 61.7 64.0 61.8
64.4 63.1 64.2 63.2

Average 64.0 62.4 64.1 62.5 63.2

5.25Cu-1.45Ag-0.43Mg 74.0 '70.8 73.1 69.4
71.0 69.4 71.7 70.3

Average 72.5 70.1 72.4 69.8 71.2

Average 68.2 66.2 68.2 66.2 57.2

1) Other elements; mid-range of the specification
2) Fe chill; 1450F pour temperature
3) Cu chill; 1350F temperature
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TABLE B5. EFFECT OF PROCESS VARIABLES ON THE ELONGATION OF
B201-T7 WIFHIN COMPOSITION SPECIFICATION

AGE AGE
COMPOSITION 1  SLOW SOLIDIFICATION 2  FAS[.J)_WK ATIOQ 3  AVERAGE

360F/8HR 380F/514R 360F/8HR 380F/5HR

0.35Ti-0.43Mn 11.3 7.5 12.0 1.3
3.0 3,0 9.4 3.3

Average 7.2 5.2 10.7 2.3 6.3

0.19Ti-0.24Mn 6.0 5.3 10.7 10.6
6.4 6.9 8.6 8.4

Average 6.2 6.! 9.6 9.5 7.9

4.95Cu-098Ag-0.32Mg 3.3 6.5 9.9 6.8
5 5 5.5 7.5 7.8

Average 4.4 6.0 8.7 7.3 6.6

4.65Cu-0.57Ag-0.26Mg 8.3 8.5 11.5 8.4
6.1 9.0 7.5 11.0

Average 7.2 8.8 9.5 9.7 8.8

0.041Fe.0.043Si 4.1 2.0 6.3 12.0
10.0 9.3 10.9 2.5

Average 7.0 5.7 8.6 7.2 7.1

Nominal 013 0.4 8.7 7.8
0.4 0.6 10.0 8.7

Average 0.3 0.5 9.3 8.2 4.6

Average 6.44 6.3, 9.4 7.4 6.9

1) Other elements;, mid-range of the specification
2) Fe chill; 1450F pour temperature
3) Cu chill; 1350F pour temperature
4) Data for the nomin'il composition variant were not used to compute

the average value because they were below the minumum specification value.
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TABLE B6. EFFE(7" OF PROCESS VARIABILES ON ELONGATION OF B201-[-1
OUTSIDE COMPOSITION SPECIFICATION

FELONGATION (a)

AGE AGE
COMPOSITION 1  Q SOLI .ITCATIQ2  FAST SOLIDIFICATI 3  AVERAGE

360F/8HR 380F/5HR 360F/8HR 380F/5HR

0.052Ti 2.9 2.7 3.5 3.1
3.2 3.1 3.0 3.1

Average 3.0 2.9 3.2 3. 1 3.1

5.25Cu-1.45Ag-0.43Mg 2.8 3.8 5.0 6.3
0.1 0.9 6.4 4.4

Average 1.4 2.4 5.7 5.3 3.7

Average 2.2 2.6 4.5 4.2 3.4

1) Other elements; mid-range of the specification
2) Fe chill; 1450F pour temperature
3) Cu chill; 1350F temperature
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TABLE B7. EFFECT OF PROCESS VARIABLES ON 7 HtE NOTCHED TENSILE
STRENGTH OF B201 1-7 WITHIN COMPOSITION SPECIFICATION

NQTCHED TENý.SLE SIRENQThjk

AGE AGE
COMPOSITION 1  SLOWQLIDIFICATIO 2  EASLQSI.,lIDcATQIN 3  AVERAGE

360F/8HR 380F/5HR 360F/8HR 380F/SHR

0.35Ti-0.43Mn 89.0 85.2 89.8 86.1
81.9 83.3 92.6 89.6

Average 85.5 84.2 91 2 87.8 87.2

0.19Ti-0.24Mn 89.1 86.1 91.0 89.8
85.5 88.4 91.8 91.2

Average 87.3 87.2 91.9 90.5 89.2

4.Q5Cu-0.98Ag-0.32Mg 82.0 84.2 86.6 92.9
80.3 83.6 85.5 89.8

AvU.-ge 81.2 83.9 86.0 91.3 85.6

4.65Cu-0.57Ag-0.26Mg 82.0 80.8 89.5 90.5
84.4 81.0 88.5 86.9

Average 03.2 80.9 89.0 88.7 85.5

0.041Fe-0.043Si 87.4 80.7 88.5 84.1
90.5 67.2 91.5 66.3

Average 89.0 74.0 90 0 75.2 82.0

Nominal 84.9 70.0 97.1 89.7
81.7 86.6 97.5 92.1

Average 83.3 78.3 97.3 90.9 87.5

Average 84.9 81.4 90.9 87.4 86.2

1) Other elements; mid-range of the specification
2) Fe chill; 1450F pour temperature
3) Cu chiil; 1350F pour temperature

346



TABLE B8. EFFECT OF PROCESS VARIABLE.S ON TIHE N(GTCIIED TINSILEI
STRENGTH OF B3201-'1"7 OUTSIDE COMPOSITION SPECItIICATION

AGE AGE
COMPOSITION 1  ,QWI.Q &D.L.TI .2  .- T, AVEIAGE

360F/8HR .80F/5HR 360F/8HR 380/51IR

0.052Ti 74.9 73.0 70.5 73.4
74.3 "/9.7 70.9 75.1

Average 74.6 71.8 70.7 74.2 "72.8

5.25Cu-l.45Ag-0.43Mg 76.3 80.4 88.6 88.0
82.4 75.3 90.8 83.1

Average 79.3 77.8 89.7 8 ,5 83.1

Average 77.0 74.8 80.2 79.9 78.0

1) Other elements; mid-range of the specification
2) Fe chill; 1450F pour temperature
3) Cu chill; 1350F temperature
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TABLE B9. EFt'Ec(T OF PROCESS VARIABLES ON THE NTS/FYS RATIO OF
B201 -'17 WITHIN COMPOSITION SPECIFICATION

AGE AGE
COMPOSI HON 1  SLOW S OLILDIFl. . 2  FA ISDLIHLj ,flQN 3  AVERAGE

360F/8HR 380F/5HR 360F/8HR 380F/5HR

0.:z5Ti-0.43Mn 1.52 .52 1.58 1.57
1.37 1.48 1.54 1.56

Average 1.45 1.50 1.56 1.57 1,52

0.19Ti-0.24Mn 1.48 1.45 1.51 1.55
1.38 1.46 1.53 1.51

Average 1.43 1.46 1.52 1.53 1.49

4.95Cti-0.98,Ag-0.32Mg 1.24 1.35 1.38 1.45
1,26 1.30 1.32 1.44

Average 1.25 1.32 1.35 1.45 1.34

4.65Cu-0.57Ag-0.26tvfg 1.43 1.39 1.57 1.56
1.41 1.43 1.49 1.59

Average 1.42 1.41 1.53 1.57 1.48

0.041Fe,0.043Si 1.48 1.45 1.48 1.55
1.53 1.21 1.59 1.17

Average 1.51 1.33 1.53 1.36 1.43

Nominal 1.48 1.22 1.48 1.42
1.3i 1.45 1.62 1.51

Average '.40 1.34 1,54 1.47 1.44

Average 1.43 1.40 1.51 1.49 1.45

1) Other elements; mid-ri- nge of the specification
2) Fe chill; 1450F pour temperature
3) Cu chill; 1350F pour temperature
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TABLE BlO. EFFECT OF PROCESS VARIABLES ON THE NTS[fYS OF B201-T7
OUTSIDE COMPOSITION SPECIFICATION

NISi•TYS RATIO

AGE AGE
COMPOSITION 1  a..,WOLIDIFCA11ON2  FAST SOLIDIFICATIODN 3  AVERAGE

360F/8HR 380F/5HR 360F/8HR 380F/5HR

0.052Ti 1.18 1.18 1.10 1.19
1.15 1.12 1.10 1.19

Average 1.17 1.15 1.10 1.19 1.15

5.25Cu-1.45Ag-0.43Mg 1.03 1.14 1.21 1.27
1.16 1.09 1.27 1.18

Average 1.09 1.12 1.24 1.23 1.17

Average 1.13 [10 1.17 1.21 1.16

1) Other elements; mid-range of the specification
2) Fe chill; 1450F pour temperature
3) Cu chill; 1350F temperature
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TABLE B 1. EFFECT OF PROCESS VARIABLES ON THE FATIGUE LIFE OF
B201-17 WITHIN COMPOSITION SPECIFICATION

FATIGUE LIFE (CYCLES TO FAILURE)*

AGE AGE
COMPOSITION 1  SIO.SOW IDIAC_TIQN 2  FAST SOLIDIFICATION 3  AVERAGE

360F/8H-IR 380F/5HR 360F/8HR 380F/5HR

0.35Ti-0.43Mn 118032 144753 159147 475005
177770 197633 113992 162192

Log Average 144853 169138 134690 278179 173968

0.19Ti-0.24Mn 172189 403233 137642 133775
183772 127497 261575 168576

- 1011030 - -
Log Average 177886 373198 189746 150170 222480

4. 0 5Cu-0.98Ag-0.32Mg 147014 119081 119938 134751
167095 34902 130781 127740

-- 81132 - -
Log Average 156733 150009 125242 131198 141255

4.65Cu-057Ag-0.26Mg 123856 13.5611 159771 108156
112963 139320 135178 117470

Log Average 118284 137452 146960 112716 128105

0.041Fe-0.043Si 106883 126074 169080 125960
346870 112366 148472 118180
86411 - - -

Log Average 147417 119022 158441 122008 136962

Nominal 83649 71734 95457 1743370
161968 69234 54057 76568

Average 116397 70472 71833 365337 121131

Average 142405 159123 132264 173712 151184

* Specimen with a hole; Kt=2.42, 25 ksi net maximum stress
1) Other elements; mid-range of the specification
2) Fe chill; 1450F pour temperature
3) Cu chill; 1350F pour temperature
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TABLE B12. EFFECT OF PROCESS VARIABLES ON TITE FATIGU F LIFE OF
B201-T7 OUTSIDE COMPOSITION SPECIFICATION

ATIILIFE (CYCLES TO FAILURE)*

AGE AGE
COMPOSITION 1  SLOW SOLDIFICATION 2  EAIQ_ LIDIEICATIQN 3  AVERAGE

360F/8HR 380F/5HR 360F/8HR 380F/5HR

0.052Ti 76458 58444 69116 161791
235933 39379 58318 53447

Log Average 134309 47973 63487 92990 78534

5.25Cu-1.45Ag-0.43Mg 91816 86690 166953 53267
72883 32807 66554 115787

Log Average 81803 53329 105410 78534 77521

Log Average 104818 50580 81806 85457 78018

* Specimen with a hole; Kt=2.42, 25 ksi net maximum stress

1) Other elements; mid-range of the specification
2) Fe chill; 1450F pour temperature
3) Cu chill; 1350F temperature
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APPENDIX C

PHASE I. TASK 2

D357-T6 VERIFICATION TEST DATA
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TABLE C1. D357-T6 TENSILE PROPERTIES-FOUNDRY A

PLATE
THICKNESS PLATE UTS YS El NTS N

QUENCH (INCH) NO. (ksi) (ksi) (%) (ksi) YS

Water 0.75 V100 56.1 48.3 7.4 61.6 1.28
56.1 47.6 8.6 64.1 1.35

Viol 34.8 43.9 8.4 63.1 1.44
52.4 44.1 3.1 65.0 1.47

V102 55.0 45.2 10.0 65.3 1.44
55.6 44.2 10.2 65.8 1.49

1.)5 Vll0 53.7 46.7 4.2 58.3 1.25
54.4 46.9 5.4 57.8 1.23

ViII 53.4 44.9 5.7 68.0 1.51
53.0 46.1 4.9 65.7 1.43

V112 54.3 44.9 7.1 65.8 1.47
53.0 44.7 5.7 66.9 1.50

V113 54.8 44.0 8.5 63.2 1.44
53.2 45.2 5.7 62.0 1.37

V114 54.4 44.1 8.2 61.0 1.38
51.2 45.1 3.5 61.9 1.37

Glycol V115 51.6 42.3 5.8 57.2 1.35
51.1 42.5 5.5 57.8 1.36

V116 53.3 43.6 9.0 56.7 1.30
52.2 43.0 5.6 56.6 1.32

V117 54.5 44.4 7.7 58.5 1.32
52.9 43.5 6.0 58.5 1.34

WQ-0.75" 55.0 45.6 7.9 64.2 1.31
Average WQ-1.25" 53.5 45.3 5.9 63.1 1.39

GQ-1.25" 52.6 43.2 6.6 57.6 1.33

Note: WQ = Water Quench
GQ = Glycol Quench
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TABLE C2. D357-T6 TENSILE PROPERTIES--FOUNDRY B

PLATE
THICKNESS PLATE NO. UTS YS El NTS NTS

QUENCH (INCH) (ksi) (ksi) (%) (ksi) YS

Water 0.75 V200 53.1 46.1 4.5 57.6 1.25
53.4 44.7 6.2 61.6 1.38

V201 52.1 44.5 4.1 68.4 1.54
51.1 45.1 2.3 64.9 1.44

V202 52.2 44.9 3.6 65.4 1.46
51.5 45.2 2.4 64.3 1.42

1.25 V205 52.8 45.8 4.6 59.6 1.30
52.0 44.9 4.3 59.8 1.33

V206 * 50.2 44.5 2.1 63.3 1.42
52.0 44.8 4.2 63.8 1.42

V207 * 50.7 44.4 3.0 64.2 1.45
49.6 44.2 1.5 62.6 1.42

V208 * 52.0 45.2 3.7 62.2 1.38
50.8 44.8 2.3 63.9 1.43

V209 51.9 45.1 4.0 60.8 1.35
53.1 45.3 5.4 62.3 1.38

V210 53.2 45.7 5.6 63.1 1.38
51.3 45.5 3.0 64.2 1.41

CGlycol V211 49.4 41.4 4,3 58.4 1.41
48.8 41.8 3.3 57.6 1.38

V212 49.7 42.2 3.6 57.9 1.37
48.8 42.6 2.6 58.4 1.37

V213 47.7 41.5 2.5 56.0 1.35
48.8 41.3 3.9 57.0 1.38

WQ-0.75" 52.3 45.1 3.9 63.7 1.41
Average WQ-1.25"** 52.4 45.4 4.5 61.6 1.36

WQ-1.25"* 50.9 44.7 2.8 63.3 1.42
GQ-1.25" 48.9 41.8 3.4 57.6 1.38

• Plates With Low Elongation; Not Used for DADT Evaluations.
** Plates Within Specification

Note: WQ Water Quench
GQ = Glycol Quench
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TABLE C3. D357-T6 TENSILE PROPERTIES-FOUNDRY C

PLATE
THICKNESS PLATE UTS YS El NTS NTS

QUENCH (INCH) NO. (ksi) (ksi) (%) (ksi) YS

Water 9.75 V301 52.7 45.4 4.6 - -
50.9 44.5 2.8 - -

V302 50.2 44.0 2.0 - -
51.2 45.0 3.5 - -

1.25 VX301 54.3 47.8 5.5 48.5 1.02
54.3 47.5 6.4 50.0 1.05

VX302 53.8 47.2 4.4 46.3 0.97
53.6 47.8 3.9 46.8 0.99

VX304 53.2 46.5 4.3 60.8 1.32
VX305 54.5 45.9 8.2 62.9 1.36

Glycol VX310 51.2 43.8 4.8 42.9 0.99
50.5 43.3 4.6 46.6 1.07

VX311 51.9 44.2 5.2 43.3 0.98

WQ-0.75" 51.2 44.7 3.2 - -

Average WQ-1.25" 54.0 47.1 5.4 52.5 1.12
GQ-1.25" 51.2 43.8 4.9 44.3 1.01

Note: The VX Plates Were Replacements for the First Batch of Flates, Which Had Very
Low Ductility and Failed to Meet the AMS 4241 Specification.
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TABLE C4. D357-T6 STRESS-LIFE SMOOTH FATIGUE DATA

MAXIMUM
QUENCH PLATE STRESS CYCLES TO

FOUNDRY MEDIUM NO. (ksi) FAILURE

A Water Vill 30 4,069,170
Vill 35 220,706
Vilo 40 50,158
V112 45 50,058

Glycol Vl7 20 5.3 X 106 *

V115 30 1,474,660
V116 40 50,226

B Water V205 20 6X 106*
V210 25 223,358
V205 30 213,719
V205 40 25,612
V209 45 13,822

Glycol V213 20 981,685
V211 30 254,149
V212 40 45,287

C Water VX302 15 5 X 106 *

VX301 20 1,569,360
VX302 30 164,874
VX301 30 118,740
VX301 40 50,417

Glycol VX311 10 3 X (16 *

"VX310 20 373,642
VX311 20 618,238
VX310 30 123,238
VX311 30 90,819
VX310 40 19,697

Note: Kt= 1.0, R=0.1
* No Failure



TABLE C5. D357-T6 NOTCHED STRESS-LIFE FATIGUE DATA

MAXIMUM
PLATE STRESS CYCLES TO

FOUNDRY NO. (ksi) FAILURE

A Vll0 10 5 X 106 *

Vil0 12.5 1,312,390
Vi110 15 201,421
VilO 25 29,302

B V208 10 5 X 106 *
V208 15 173,113
V208 20 41,738

C 301 10 3 X 106 *

304 20 191,190
305 30 12,028

Note: Kt 3.0, R =0.1
* No Failure
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TABLE C6. D357-T6 STRAIN-LIFE FATIGUE DATA

P L TE LOG STRAIN CYCLES TO
FOUNDRY NO. AMPLITUDE FAILURE

A V113 -2.70 1.16 X 101'
V 114 -2.60 198,539
V112 -2.52 78,838
VI12 -2.39 10,477
Vill -2.30 2,134
V113 -2.00 47

B V209 -2.39 249,199
V205 -2.30 1,037
V210 -2.09 59

C VX305 --2.52 24,801
VX304 -2.39 3,463
VX304 -2.39 25,353

Note: Kt= 1.0, R= -1.0,
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TABLE C7. D357-T6 FRACTURE TOUGHNESS DATA

PLATE K? KIC KIV
FOUNDRY NO. (ksi\]in) (ksi 4ir) (ksi'Jin)

A VIlO 23.2 22.7
VI 11 26.2 26.,7
V115* 21.0 21.5

B V205 22.2- 23.7
V209 .23.4
V2!0 26.9
V211 * 22.0 22.4

C VX301 22.4
VX302 23.4
VX310 * 2
VX311 * 22.1

* GlyolI Quenchtd; All Others Water Quenched

3 6)0

I,



TABLE C8. DAS VALUES FOR D357-T6

PLATE
FOUNDRY NO. DAS (Inch x 104 )

A V110 10
Vill 16
V112 16
V113 I0
V114 10
V115* 10
V116* 11
V117* 8

B V205 20
V206 17
V207 18
V208 19
V209 17
V210 16
V211* 10
V212* 14
V213* 14

C VX301 10
VX302 12
VX310* 13
VX31I* II

Average 13

* Gl'col Quenched
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3_ FATIGUE CRACK GROWTH RATES

z

-510 -

C-.

Z do/d N =C1AK n

C= 2.675E-10

10 fl= 4.370

SPEC R or K KGRAD TEMP

0 V110FA 0.10 -4.00 72.0
x V11OGFA--&I0 4.00 72.0

10-70

AK (ksivin)
1 0 1. . 1_ 1 1 1 L _ _ L J _J

10 100

!Figure C I. D357-T6 Fatigue Crack Growth Rate Data-Foundry A (Water Quench)
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-4 FATIGUE CRACK GROWTH RATES[

10-5

-6
10 */ /

-- do/dN=CAKn

S • C= ,3.417E-3210_7
10 f n =36.502

AKth 4.28

x SPEC R or KCRAD TEMP
o Vl 12-SM 0.10 -2.00 720
x Vl12-SMA0.10 -2.00 720
* V112-SMm.10 4.00 720

10.

A K (k S M-)

1 0I I I i I I ! I I I I I I

10 100

[Figure C2. D357-T6 Fatigue Crack Growth Rate Data---Foundry A (Water Quench)

6'63



10-3 FATIGUE CRACK GROWTH RATES

10 .4

-510
C:

Z da/dN=CAKn

"�-6 C= 2.318E-13

10 n- 6.599

SPEC R or K KGRAD
0 V116FCG 0.10 -2.00
x V116FCGA 0.10 2.00

- 0

AK (ksiV4-)"IU - ,, I I i i ,i i ! I I I I , i I I

1 10 100

Figure C3. D357-T6 Fatigue Crack Growth Rate Data--Foundry A (Glycol
Quench)
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i0-• 3FATIGUE CRACK GROWTH RATES

10-4

10- -•

-510

Z do/dN=CAKn

C= 1.587E- 11i-6 '

10 n= 5.386

SPEC R or K KGRAD TEMP
0 V205G1 0.10 -2.00 72.0

-8AK (ksiMi-')
10

1 10 100

F~igure C4. D357-T6 Fatigue Crack Growth Rate Data-Foundry 13 (Water Quench)
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'10- FATIGUE CRACK GROWTH RATES

x

x
x

10-4

Ux
£) x

z da/dN=CAKn
C= 1.961E-11

10) n= 5.071

SPEC R or K KGRAD TEMP
0 V209o!A 0.10 -2.00 80.0
x V209G1B 0.10 2.00 80.0

0.7

0
0
0

r 0 AK (ks ivl-n)
l o -L I I t I I , I I I I I I I I J

10 100

lýigure C5. D357-T6 Fatigue Crack Growth Rate-Foundry B (Wate, Quench)
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FATIGUE CRACK GROWTH RATES

!0- 4

o~xi-5
10 x

Z x da/dN=CAKn

_ "x3 C= 2.762E-10

10 n= 3.846

SPEC R or K KGRAD TEMP

0 V212G 0.10 -2.00 72.0
x V212G- 0.10 2.00 72.0

1 0-,7

08 AK (ksiVin)10 -8 1 1 1--

10 100

Figure C6. D357-T6 F-tigue Crack Growth Rate Data--Foundry B (Glycol

Quench)
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FATIGUE CRACK GROWTH RATES

Ei
o-5

Ux

x

x

10- x

10 C)

Z do/dN=CAKn

C= 7.205E- 11

10 n= 4.663

SPEC R or K KCGRAD IEMP
0 VX302G1A0.10 -2.00 80,0
x VX302G1BO.I0 2.50 80.0

l 8 O _ _AK (ksiM/n)

1 - I I . L iL_ L -_ I I L - I I I

10 100

Iigure C7. D357-T6 Fatigue (Crack Growth Rate Dita---Fouvidry C (Water Quench)



10-3 FATIGUE CRACK GROWTH RATES

x
x

!0 _ 4 x

-5 "
10

Ux

cI
Z do/dNc=CKn

-5 C= 4.667E- 111-6
10 n= 4.945

SPEC R or K KGRAD TEMP

0 VX302G2AO.10 -2.50 75.0
n VX302G2B0.10 2.00 78.0

ioo

0
0

-8 AK (ksiv'xhD )
I 1 1 1 1 i I I t t I

10 100

[Fiure C8. D357-T6 Fatigue Crack Growth Rate Data-Foundry C (Water Quench)
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10-3 FATIGUE CRACK GROWTH RATES

F
x

x
x

x

-5
100

do/dN =CAKn
SC= 5.611 E- 12

10 n= 5.425
-o

SPEC R or K KGRAD TEMP

0 VX310G1 0.10 -2.00 76.0/x VX,310G1 0.10 2.50 76.0

7
10-

AK (ksiM1-n)
101 L I I I I I I I I I I I I I I

1 10 100

Figure C9. D357-T6 Fatigue Crack Growth Rate Data-Foundry C (Glycol
Quench)
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APPENDIX D

PHASE I, TASK 2

B201 -T7 VERIFICATION TEST DATA
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TABLE D1. B201-T7 TENSILE PROPERTIES-FOUNDRY A

PLATE
THICKNESS PLATE UTS Ys El NTS Nil

(INCH) NO. (ksi) (ksi) M (ksi) Ys

0.75 V150 64.2 55.6 8.4 89.6 1.61
64.5 55.4 8.4 89.7 1.62

1.25 V155 65.3 56.9 8.4 94.0 1.65
65.8 57.5 8.3 91.5 1.59

V156 66.6 57,1 8.4 90.6 1.59
66.7 57.3 8.3 86.2 1.50

V157 65.7 553 8.4 90.9 1.64
64.5 533 11.0 88.2 1.64

V158 66.0 56.8 8.4 91.3 1.61
66.0 57ýO 8.4 89.2 1.56

Average 0.75'7 64.3 55.5 8.4 89.7 1.62
1.25" 65.8 56.5 8.7 90.2 1.59
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TABLE D2. B201.-T7 TENSILE PROPERTIES-FOUNI)RY 1

PLATE
THICKNESS PLATE UTS YS 1 NTS NTS

(INCH) NO. (ksi) (ksi) (%) (ksi) YS

0.75 V250 71.1 64.4 8.2 93,7 1.45
70.0 62.9 11.0 92.8 1.48

V251 67.5 60.1 10.5 92.3 1.54
68.5 61.6 8.9 91.5 1.49

V252 67.6 60.3 11.0 92.5 1.53
69.1 * 9.0 92.7 *

V253 67.9 61.0 9.2 92.8 1.52
68.5 60.9 10.7 90.8 1.49

V254 68.7 61.5 10.9 91.9 1.49
70.0 63.3 8.8 96,6 1.53

1.25 V255 69.9 62.7 7.9 83,8 1.34
69.4 62.2 8.4 79.2 1.27

V256 72.8 65.6 8.5 85.7 1.31
73.1 66.0 F.0 83.9 1.27

V257 70.4 63.3 8.8 84.8 1.34
71.3 64.5 8.8 87.4 1.36

V258 67.9 60.3 8.2 78.5 1.30
68.9 61.0 8.0 84.3 1.38

V259 68.6 60.9 7.5 79.4 1.30
67.7 60.1 7.9 79.2 1.32

Average 0.75" 68.9 61.9 9.8 92.8 1 50
1.25" 70.9 62.7 8.2 82.6 1.32

• Extensometor slipped during test - data not availabie
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TABLE )3, 13201 -T7 TENSILE 1PROPERTIES-FOUNDRY C

PLAITE
THICKNESS PLATE UTS YS B NTS NTU

(INCH) ,O. (ksi) (ksi) (%) (ksi) YS

0.75 V350 63.8 57.8 6.5 90.9 1.57
69.2 61.6 7.0 90.3 1.47

1.25 V355 66.2 58.6 9.3 89.6 1.53
69.3 62.0 6.9 91.0 1.47

V356 o4.1 57.8 7.0 82.7 1.43
69.0 61.5 9.0 89.4 1.43

V357 69.8 62.2 9.5 92.4 1.49
69.7 62.0 8.9 93.7 1.51

V358 64.3 58.2 6.5 89.6 1.54
66.4 58.5 9.0 91,9 1.57

Average 0.75" 66.5 59.7 6.8 90.6 1.52
1.25" 67.4 60.1 8.3 90.0 1.50
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TABLE D4. B201.T' SMOOTH STRESS--IIFE F'ATIGUE DATA

PLATE STRESS CYCLES TO
FOUNDRY NO. (ksi) FAILURE

A V158 20 5 X 106 *

V155 30 5 X 106 *

V 156 40 186,703
V 157 45 308,543

B V255 20 5 X 106 *
V256 25 368,916
V256 30 27,611
V258 30 11,530

V.59 30 31,982
V257 35 168,520
V255 40 15,971

C V358 15 5 X 106 *

V356 20 J,180,170
V357 20 573,648
V355 30 167,652

Note: Kt= 1.0, R--0.!
• No Failure
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TABLE D5. B201-T7 NOTCHED STRESS-LIFE FATIGUE DATA

PLATE STRESS CYCLES TO
FOUNDRY NO. (ksi) FAILURE

A 156 25 112,825
158 30 24,998

B 256 20 3.2 X 106*
258 23 237,350
258 27 59,632

C 356 30 16,737
358 25 209,254
358 20 2.2 X 106*

Note: Kt = 3.0, R=0.1
* No Failure
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'FABLE D6. B201-T77 STRAIN-LIFE FATIGUE DATA

FOUNDRY PLATE LOG STRAIN CYCLFS TO
NO. AMPLITUDE FAILURE

A V157 -2.52 90,964
V 156 -2.39 15,602
V158 -2.30 4,659

B V257 -2.60 93,835
V255 -2.52 54,284
V258 -2.39 22,785
V259 -2.30 5,130

C V358 -2.70 179,112
V357 -2.60 92,570
V356 -2.52 37,734
V355 -2.30 3,388
V358 -2.09 432

Note: Kt= 1.0, R=-1.0
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TABLE D7. B201-T7 FRACTURE TOUGHNESS DATA

PLATE KQ KIV
FOUNDRY NO. (ksiqin) (ksiqiin)

A V155 46.0 55.7
V156 39.4 40.8

B V255 26.6 27.3
V256 31.5 31.1

C V355 48.8 42.9
V355 40.7
V356 45.6 44.4
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S 10,_ 3FATIGUE CRACK GROWTH RATES

10-4

10 to
100

_ Z da/dN=CAKn

"-6 C= 9.344E- 12
10 n= 4.980

-cJ

SPEC R or K KGRAD TEMP
0 V156FCG 0.10 -200 72.0
x V156FCG-0.10 2.00 72.0

10 -7

0
0

-8-AK (ksiv-Tr)
I I . .. ... . .. .. , .. . .. .. .I .. .. . ] I I I I I I I I I I I I I I

1 10 100

Figure D1. B201-T7 Fatigue Crack Growth Rate Data-Foundry A
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10-3 FATIGUE CRACK GROWTH RATES

10-
4

-5
10 Q

x

SZ do/dN=CAKn
"C= 1,265E-09

10 n= 3.477

SPEC R or K KGRAD TEMP
0 V157FCG 0.10 -4.00 72.0
x V157FCGAO.10 4 ,)J 72.0

1 0 .7

l-8 A K (ks i,/vi-)
10 1 !• 1 1 1 t ___L_L_Lj

10 100

Figure D2. B201 -T7 Fatigue Crack Growth Rate Data-Foundry A
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10 -3 FATIGUE CRACK GROWTH RATIES

10. 4

0-5

10 o

Z .do/dN=CAKn

C= 1.007E-09
10 0 n= 3.614

SPEC R or K KGRAD TEMP
0 V256G 0.10 -3.00 72.0
x V256G-A 0.10 3.00 72.0

10- 7

10_8 AK (ksKv/-nh)

10 _ _J._ I i iI I JL

10 100

Figure D3. B201-T7 Fatigue Crack Growth Rate Data-Foundry B
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10. 3 FATIGUE CRACK GROWTH RATES

10- 4

-5
10

Z do/dN=CAKn
-0 C= 1.345E-09

-6
100 n= 3.669

SPEC R or K KGRAD TEMP
0 V257G 0.10 -4.00 72.0
x V257G-A 0.10 4.00 72.0

10O-7

108 AK (ksiv'Thn)

1 10 100

Fýigure D4. B201-T7 Fatigue Crack Growth Rate Data-Foundry B
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10-3 FATIGUE CRACK GROWTH RATES

10-54

10
- U

Z do/dN=CA&Kn

C= 4.964E- 10

10 n= 3.722

SPEC R or K KGRAD TEMP

0 V356G 0.10 2.00 72 0

7/10-7

10_8 AK (ks iVn-)

10 1 _ _ _ _ _ I L I I I I I

10 100

Figure D5. B201-'I"/ Fatigue Crack Growth Rate Data--Foundry C
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10- 3 FATIGUE CRACK GROWTH RATES

o-54

10- u

x do/dN=CAKn

-6 C= 3.280E-10
10 n= 4.374

SPEC R or K KGRAD TEMP
0 V357G 0.10 -3.00 72.0
x V357G-A 0.10 3.00 72.0

10 -7

-8 AK (ksiMF)

10 1 ti I I I i L A1 1 I .. i

1 10 100

li gurc D)6. 132() 01-'1'7 Fatigue Crack Growth Rate Data-Foundry C
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APPENDIX E

PHASE i, TASK 3

D357-T6 DISCONTINUITY ASSESSMENT



TABLE El. I)357-T6 TENSILE PROPERTIES---GRADE A/B

PLATE UTS YS El
GRADE NO. (ksi) (ksi) (%)

A/B DI 54.7 48.5 4.3
D1 53,7 48.6 2.6*
D2 54.6 4g, I5
D2 54.8 48.0 4.5
D3 54.9 48.4
D3 54.5 48.3 4,8
D4 54.9 48.1 4.9
D4 54.5 48.3 4 3
D5 54.6 48.4 4./

D5 54.5 48.0 4.0
D6 54.9 48.5 4.6
D6 55.1 48K7 5.1
D71 53.4 47.7 1.8*
D72 53.1 47.6 1.5*
D72 52.5 47.5 1.1*

Average 54.3 48.2 3.9

Weld Repair D11 56.2 46.4 8.0
(Grade A/B) D12 53.7 46,8 5.0

D14 53.7 47.2 3.7
D14 54.1 47.3 3.5
T)15 55.4 47.6 6.3
D15 54.2 47.5 4.0

Average 54.6 47.1 5.1

* Data Not Meeting AMS 4241 Requirement
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TABLE E2. D3537--1'6 TENSILE PROPERTIES GAS POROSITY

PLAIE UTS YS FI,
GRA-E NO. (ksi) (ksi) (%)

B D20 51.2 45.6 3.6
D20 49.6* 43.4 3,5
D23 51.5 454 2.8*

D24 51.7 46.0 2.81
D30 50.2 44.3 3.4
D30 51.2 46.2 2.1*
D70 51,6 45.3 4.3
D7T 47,4* 41 8 4.2

Avera;e 50.0 44.8 3.3

C D31 50.2 44.9 2.0*
D33 5!.1 45.6 2.3*
D40 50.1 43.3 4,1
:)40 49.5* 43.7 3.2
"D",1 51 3 45.6 1.8*
D41 50.3 45.3 1.4*
D43 50.7 45.5 1.9*
D43 49.9" 45.0 1.4*
D50 50.8 45,5 2.4*
D50 50.4 45,2 2.5*
F 2 48.5* 44.8 0.9*

1 53.0 47.3 1.6*

Average 50,4 4). 1 2.1

D D54 49.1 * 44.9 1.3*
D60 43.4* 43.9 1.4*
D60 48.6* 44.1 1.7*

Average 48.7 44.3 1.5

* Data Not Meeting AMS 4241 Requirement



TABLIB E[2. 1)357-T6 'I',TUNSIIE PRO(. T1R lIES .--SIIRINKAGE
I OROS (TY

PLATE UTS YS Il
GRADE NO. (ksi) (ksi) (%)

B D23 51.8 46.1 2.7*
D24 51.4 45.5 2.4*
D31 49.8* 47.6 1.6*
D32 50.6 45.1 2.5*
D32 50.7 45.4 2.7*
D)32 50.3 45.5 2.3*
D32 50.9 45.6 2.3*
D32 €"., 45.7 1.5
D)32 50.1 45.0 1,5*
D)42 53.0 44.3 7,9

Average 50.9 45.6 2,7

C D33 50.9 45.7 2,2*
D)42 51.3 45.5 3.9
D44 50.4 45.2 2.5*

Average 50.9 45.5 2.9

* Data Not Meeting AMS 4241 Requirement
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TABLE E4. D357-T6 TFNSILE PROPERTIES .... FOREIGN
MATERIAL

PLAIE uTs YS F,.
GRADE NO. (k,,;i) (ksi) (%)

B D12 55.4 45,5 7.5
D14 51.4 45.6 3.2
D42 54.1 47.6 3.1

Average 53.6 46.2 4.6

C D70 45.1 41.0 1.2*
D71 55.0 45.9 4.7
D72 51.9 46.3 1.2*

Average 50.6 44.4 2.4

* Data Not Meeting AMS 4241 Requirement
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'FABLE E5. D357--T6 STREISS-LIFE FATIGUE DATA
-- DEFECT1,REE MATERIAL

MAXIMUM
PLATE STRESS CYCLESTo

GRADE NO. (ksi) FAILURE

Weld Repair DII 20 352,358
D 11 40 51,899
DII 45 26,224
* 12 30 193,883
* 12 15 4 X 106

* 12 40 45,007
* 12 20 1,789 , 060
D12 30 252,390

A113 D3 20 3 X 106

D3 30 1,384,680
D3 30 3 X 106 *

D3 35 1,647,320
D3 35 636,247
D3 40 132,188
D3 40 176,139

Note: Kt 1.0, R 0. 1
No Failure
Small Test Specimens - See'rext
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TABLE E6. D357-T6 STRESS-LIlF FATIGUE I)ATA
-(-AS POROSITY

GRADE PLATE MAXIMUM STRESS CYCLES T()
NO. (ksi) FAILURE',

B DI 20 4 X 106 *
D1 40 86,647
D2 30 507,830
D2 30 224,487
D3 45 84,384
D3 20 4 X 106 *
D4 40 75,492
D20 45 9,458
D20 20 580,111
D70 20 547,523
D70 40 15,835
D70 30 101,852
D70 45 11,526
D70 25 215,005
D71 25 140,902
D71 20 773,529
D20** 10 3 X 106*
D20** 20 308,660
D20** 20 254,519
D20** 30 78,879
D2C** 30 80,806
D20** 40 22,707
D24** 15 601,999
D24** 25 102,921

Note: Kt= 1.0, R 0.1
* No Failure

** Small Specimens (See Text)
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iTABLE E6. D357-T6 STRESS-LIFE FATIGUEI DATA.--.GAS
POROSITY (CONTINUED)

MAXIMUM
PLATE STRESS CYCLES TO

GRADE NO. (ksi) FAILURE

C D23 20 272,006
D23 10 5 X 106*
D23 30 55,829
D23 40 16,344
D24 45 9,221
D41 25 111,408
D43 25 138,985
D50 20 285,991
D50 30 65,456
D50 40 15,618
D52 10 5.3 X 106 *

D54 15 639,996
D61 35 23,419
D62 35 23,764
D62 45 3,553

D D43 15 1,220,750
D50 20 325,308
D54 30 31,957
D60 35 15,002
D60 35 1,253
D60 25 103,377
D61 10 5 X 106 *
D61 20 171,492
D61 30 33,188
D62 25 73,884
D62 15 559,761

Note: Kt = 1.0, R = 0.1
* No Failure
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TABLE F7. D357-T6 STRESS-IF, FATIGUI, DATA -SI IRINKAAGE
POROSITY

MAXIMUM
PLATE STRESS CYCIES TO

GRADE NO. (ksi) IFAILURE

B D4 20 5 X 10h
1)4 3() 970, 197
D5 40 273,695
D5 45 52,3398
D6 30 214,275
D6 30 788,951
D6 40 19,307

D32 20 499, 010
D32 20 47o, 1 (•4
D32 25 69,485
D41 30 84,264

C D31 10 5 X 106*
D32 15 1,802,110
1)32 25 81,757
D152 20 222,694
D52 30 42, 162

Note: Kt= 1.0, R =0.1
• No Failure
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"TABLE, E8. I)357-T6 STRI'SS-LIF, I)ATA ...-- L.)RI1IGN MATERIALI

MAXIMUM
PLAIE STRESS CYCLI-S TO

GRADE NO. (ksi) FAILURE

B D142 25 174,571
D172 30 56,639
D72 20 628,761
D72 15 1,022,330
D74 20 1,557,990

C D40 25 148,006
D'74 20 490,168

Note: Kt- -1.0, R =0.1
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"TABLE F.9. SPECTRUM FATIGI IE LIFE DATA* FOR D357-T6
CONTAINING INTLNTIONALLY AI)I)ED DEFECTS

FLIGI IT
PLATE HOURS TO l(X)

GRADE DEFECT NO. FA!UIJRL AVERAGE

A/B Weld Repair D14 23,656
D14 44,762
D14 26,843 30,519

B Gas D5 57,462
Porosity 1D70 20,562 34,374

Shrinkage 1)65 45,443 45,443
Porosity

C Gas D50 8,351
Porosity D50 8,562

D40 5,762
D23 6,031 7,061

D Gas DOO 6,762
Porosity D60 12,743

D61 5,544 7,766

* F-18 Lower Wing Root Spectrum (F18C2) 32 ksi Gross Maximum Stress
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TABLE El0. I)357-.'1T6 FRACTURE TOUGHNESS DATA

DEFECIM/ PLATE KO KIC OVERALL
GRADE NO. (ksi in) (ksi\in) AVERAGE

Defect-Free

A/B D3 29.3
E)4 26.2

D70 26.9 27.5

Weld Repair D1I 36.2
D12 28.3
D 15 32.3 32.2

Gas Porosity

B D23 21.3
D41 22.5
D50 21.4 21.8

C D24 22.2
D62 23.1 22.6

Shrinkage
Porosity

B D40 20.0
D44 25.0
D54 22.3 22.4

C D61 22.6 22.6
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10-3 FATIGUE CRACK GROWTH RATES

04

-- 1 0 5 " " ,x

x
xZ x

1 --6 " N.
10 x

x

SFEC R or K KGRAD TEMP

D7.G 1 0.10 -2.00 72.0
10- 7 x D72G1--A 0.10 2.00 72.0

1 __ 1AK (ksvi-n/)

10 100

Figurfe E'l. 13574T6 Fatmiue Crack Growth Rate Data--Grade A/B



10-o _ FATIGUE CRACK GROWTH RATES

r*

- i *

1 0-4

5*

10 Ao

z I
6*

10 *

SPEC R or K KGRAD TEMP

* D72G2 0.10 2.00 72.0

_ *

10-7

10 K (ksiviT)

1 0_ _, I 1 1 1 1 I 1 1 1

1 10 100

li,.2tIr,.' I ̀2. 1)357-.T6 Fat li4ue (Crack Growth Pate Data-G•rade A/B



0-3 FATIGUE CRACK GROWTH RATES

4*

10

E*

10• C*

z*

10 -1-6•

10 •

SPEC P or K KGFAO TElP'P

D lG1 0.10 -2.00 74.0
* D1G1-A 0.10 250 74.0

10- 7

1 -8 A ZýK (ksivrin)
U L.. L LJ._L I______ ,L I I I I ,i

1 10 100

Figure E3. D357-T6 F-atigue Crack Growth Rate Data--Grade B Gas Porosity
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10- 4 FATIGUE CRACK GROWTH RATES

10-5
10 /

10-

19 00D2001 R.1K -2.00 7

0

! 0-8 AK ('KS,'.ir,,

10 100

Figure E4. D'51,-16 Fatigue Crack Growth Rate Data--Grade B Gas Porosity
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10- _ 3FATIGUE CRACK GROWTH RATES

x

x

-4

x

-5

10

SPEC R or K KGRAD TEMP

- 0 D20G2 0.10 -2.00 76.0
x D2OG2A 0.10 2.50 76.0

10-7

- 0

0_AK (ksivrmT)
1 0I 1 1 [ I I._ 1 1 1 1 -__ -_

10 100

Fi'ntre E5. D357-T6 Fatigue Crack Growth Rate Data--Graide B Gas Porosity
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10-3 FATIGUE CRACK GROWTH RATES

Lx x
x

x
x10- 4

xx

x

-5$10 u

-U

- "I

SPEC R or K KGRAD 'fEMP
0 D30G1 0.10 -2.00 76.0

0 1x 03O 0.10 2.00 76.0

10-7

9

l°-ý •K (ksiN/7)100
______ I I L I i I L t L . i Li I L..LLJ

10 100

giIgure E6. D357-'r6 Fatigue Crack Growth Rate Data--Grade B Gas Porosity
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10-3_ FATIGUE CRACK GROWTH RATES

x

10 - x

x

X

10 4 x

Ux

-o
_ Z x

"5 x

•t• SPEC R or K KGRAD TEMP

50DG1 0.10 -2.00 76.0
x D5G1A 0.10 3.00 76.0

10-7_

10_81 AK (ksiVln) __

0101

I Figure E7. D357-T6 Fatigue Crack Growth Rate Data--Grade C Gas Porosity

4 0 3
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10- 3 FATIGUE CRACK GROWTH RATES

x

I0-4 _k

5
10 ux

x

0zf

X110o6

x

SPEC R or K KGRAD TEMP
0 D24G 0.10 -2.00 76.0
x 024GA 0.10 2.00 76.0

1 0-7
1oo

0

108 AK (ksiV-Fn)
I0 1 1 I I i i I I I I I_1 1

1 10 100

Figure E8. D357-T6 Fatigue Crack Growth Rate Data--Grade C Gas Porosity
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i0-• 3FATIGUE CRACK GROWTH RATES

x

x
10 -4 ×

X

x

-5 -. ' X
10 o

x

C

10 0
z /
-0 X

SPEC R or K KGRAD TEMP
O D54G 0,10 -2.00 76.0
x 054GA 0.10 2.00 76.0

10 0-7

108 AK (ks iv-)

__ 11 1 1 1 1 1 1 1 1 1

10 100

Figure E9. D357-T6 Fatigue Crack Growth Rate Data-Grade D Gas Porosity
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I10-3 _FATIGUE CRACK GROWTH RATES
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10 -3 FATIGUE CRACK GROWTH RATES
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10 -3 FATIGUE CRACK GROWTH RATES
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Figure E13. D357-T6 Fatigue Crack Growth Rate Data--Grade B Foreign Material

409



10-3 FATIGUE CRACK GROWTH RATES
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Figure E'14. D357-T6 Fatigue Crack Growth Rate Data--Weld Repair
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APPENI)IX F

PHASE I, TASK 3

D357-T6 NONOPTIMUM MICROSTRUCTURE
ASSESSMENT
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TABLE Fl. D357-T6 TENSILE PROPERTY DATA --- NONOPTIMUM
MICROSTRUCTUIRE

PLATE UTS YS El
NO. (ksi) (ksi) (%)

MX31 47.5 42.6 1.1
47.0 43.3 0.8
46.8 42.9 0.8
47.0 42.4 1.1

MX,32 46.9 42.2 1.0
46.6 43.4 0.6
46.7 43.3 0.7
47.2 42.4 0.9
47.5 43.3 0.8

Average 47.0 42.9 0.9
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TABLE F2. A357-T6 SMOOTH STRESS-LIFE FATIGUE DATA
NONOPTIMUM MICROSTRUCTURE

PLAT7E MAX. STRESS CYCLES TO
NO. (ksi) FAILURE

MX31 10 5 X 106 *
20 501,590
25 331,393
30 54,357

MX32 15 5 X 106 *
17 5 X 106 *
20 235,390
25 335,020

Note: Kt=1.0, R=0.1
• No Failure
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TABLE F3. D357-T6 NOTCHED STRESS-LIFE FATIGUE DATA
-NONOPTIMUM MICROSTRUCTURE

PLATE MAX. STRESS CYCLES TO
NO. (ksi) FAILURE

MX31 10 403,799
20 41,401
30 3,679

39.4 89

MX32 5 5 X 106

10 407,004
15 144,004
20 565

Note: Kt=3.0, R=0.1
* No Failure
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10-3 FATIGUE CRACK GROWTH RATES
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APPENDIX G

PHASE I, TASK. 3

B201-T7 NONOPTIMUM MICROSTRUCTURE
ASSESSMENT
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"TABLE GI. B201-T7 TENSILE PROPERTY DATA - NONOPTIMUM
MICROSTRUCTURE

PLATE UTS YS El
NO. (ksi) (ksi) (%)

MX21 65.8 58.8 11.0
68.0 61.2 7.9
64.2 59.0 3.3

MX22 64.4 58.5 5.8
62.0 57.6 2.7 *
54.3 54.3 0.1 *

MX23 65.6 58.8 8.9
59.5 55.4 1.8 *

MX24 64.4 58.3 4.5
59.1 56.7 1.0 *

Average 65.3 59.0 6.9

* Inclusions Were Observed on the Fracture Surfaces; Data Were Not Used to Compute
Average Values.
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TABLE G2. B201-T7 SMOOTH STRESS--LIFE FATIGUE DATA
-- NONOPTIMUM MICROSTRUCTURE

PLATE MAX. STRESS CYCLES TO
NO. (ksi) FAILURE

MX21 30 3 X 106 *
40 111,434

MX22 30 97,328

MX23 35 517,324
45 47,377

MX24 25 748,626
30 80,167

Note: Kt = 1.0, R--0.1
• No Failure
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TABLE G3. B201-T7 NOTCHED STRESS-LIFE FATIGUE DATA
-- NONOPTIM UM MICROSTRUCTURE

PLATE MAX. STRESS CYCLES TO
NO. (ksi) FAILURE

-MX21 20 161,307
30 30,286

MX23 5 5 X 106 *
10 5 X 106 *
10 1,167,690
15 5 X 106 *
15 5 X 106 *

MX24 17 92,164
25 52,088

Note: Kt= 3.0, R=0.1
No Failure
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APPENDIX H

PHASE II, TASK 4

AIRCRAFT CASTINGS EVALUATION
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TABLE I'l. D357-T6 PYLON TENSILE PROPERTIES-

DESIGNATED
AREAS

SILICON PYLON UTS (ksi) YS El NTS NTS
MODIFIER NO. (ksi) (%) (ksi) YS

Sodium 95 51.2 42.9 5.5 63.2 1.47
51.8 42.1 7.0 62.1 1.48
51.5 42.0 7.0 57.6 1.37
52.4 42.3 8.6 61.1 1.44

96 51.7 43.7 6.5 59.8 1.37
49.3 * 41.4 3.5 63 2 1.53
48.9 * 39.9 * 5.3 58.1 1.46
51.8 42.2 7.0 59.6 1.41

Average 51.1 42.1 6.3 60.6 1.44

Strontium 97 52.5 41.7 10.7 60.8 1.45
52.8 41.7 10.7 64.3 1.54
50.1 39.7 * 8.6 59.9 1.51
52.7 42.2 10.0 61.6 1.46

98 53.2 42.3 11.7 64.1 1.52
52.9 42.1 10.5 64.7 1.54
49.9 * 39.9* 8.0 58.0 1.46
53.5 43.0 9.8 61.3 1.43

Average 52.2 41.6 10.0 61.8 1.49

* Below AMS 4241 Specification Requirement (50/40/3)
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TABLE 112. D357-'IT'6 PYLON TENSILE PROPERTIES
-NONDESIGNATED AREAS

SILICON PYLON UTS YS FJ
MODIFIER NO. (ksi) (ksi) (.%)

SodXLium 95 52.5 42.4 8.0
52,1 42.3 7.1

96 52.0 41.3 6.9
51.5 41.2 7.9

Average 52.0 41.8 7.5

Strontium 97 53.2 40.8 11.2
51.9 39.9 11.1

98 52.9 40.3 9.8
52.4 40.7 9.9

Average 52.7 40.4 10.5
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TABLE H3. D357-T6 TEST PLATE TENSILE DATA

PLA'IE UTS YS El
NO (ksi) (ksi) (%)

Q1 50.9 40.9 6.1
51.1 41.9 6.1

Q2 52.7 41.6 11.8
52.6 41.9 9.2

Q3 52.0 42.0 7.4
52.8 41.3 11.4

Q4 53.2 42.7 9.6
51.9 41.4 14.5

Q5 52.7 43.1 6.8
52.8 43.8 6.1

Q6 * 52.5 37.8* 9.3
51.9 41.3 9.5

Q7* 49.1* 42.5 3.7
50.4 42.5 5.4

Q8 52A1 41.6 8.7
53.7 41.8 13.9

Q9 51.9 41.5 8.5
51.4 40.7 8.7

Q10 52.8 43.1 7.7
52.5 41.9 9.7

QI! 51.3 40.2 8.8
51.7 40.7 9.5

Q12 52.6 41.7 11.0
52.5 41.3 10.1

Q13 * 48.5** 40.9 3.7
47.2** 41.1 2.6**

Q14 ** 49.8** 41.2 6.0
49.4** 41.7 4.6

Average 52.0 41.7 8.9

* Data Out of Specification -- Plate Used for DADT Analysis

•* Data Out of Specification- Plate Not Used for J)ADT Analysis
• Excludes data from plates QI 3 and Q14, which were not used for DADT analysis
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TABLE H4. D357-T6 SMOOTH STRESS - LIFE FATIG1UJ: DATrA
-DESIGNATED AREAS

SILICON PYLON MAX. STRESS CYCLES TO
MODIFIER NO. (ksi) FAILURE

Sodium 95 20 5 x 106 *

30 610,710

96 25 3,336,750
40 334,140

Strontium 97 30 471,850
40 269,980

98 25 5 x 106 '
45 49,430

Note: Kt=;1.0, R=0.1
• No Failure
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10- 3  FATIGUE CRACK GROWTH RATES
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PHASE II, TASK 4

ELEMENT TEST DATA
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Aippendix I

Data summaries for each of the durability and damage tolerance specimens are given

below. For the multihole durability specimens, the crack length at failure for each of the

four largest cracks observed during testing is recorded along with the initiating defect and

approximate defect size.

The location of each crack is identified by the hole number, the face on which the

crack appeared (front or rear), and the crack propagation direction (inboard or outboard).

Figure II illustrates the hole numbering scheme as well as the inboard and outboard

directions.

Many of the cracks identified during testing of the multihole specimens occured at
holes at which the sample ultimately failed. For these cracks, the crack length is preceded

by a "_>" sign to show that the actual length at failure is presumably greater than the

indicated value. The crack length values which are given for these cracks represent the last

recorded value prior to specimen failure.

For many of the cracks observed in the multihole specimens, complete identification

of the initiating defect was not possible because of smeared fractographic features (a result

of the fatigue loading). Where features were observed, in some cases the size cou!d not be

defined because of multiple sites. Additional fractographic analysis is required to more

clearly identify these sites.

The surface flaw damage tolerance specimen is shown in Figure 12. For each of the

fotu specimens testtd, cracks were initiated at the left and right corners of the EDM surface

flaw. The data summaries indicate the length of each left hand and right hand crack, as

well as the length of any crack which may have broken out of the back surface, as a

function of flight hours completed. Similar data summaAes v-e provided fbr each of the

precracked hole specimens.

All specimens were tested under spectrum loading using an F-18 wing root

spectrum (F18C2) with the negative loads removed so thai the complete test surface was

visible. Negative loading would have required the use of lateral buckling constraints,.

which would have restricted the visibility.
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Multihole Durability

Specimen: QIDI

Gross Stress (ksi): 37

Total Life (Flight Hours) 1528

Specimen Fracture at Holes: 5 and 12

Crack Number Hole Crack Length Initiation Site
ID(1) at Failure

(inch) Type Size (inch)

1 13-R-0 .017 NI

2 12-F-I >.012 NI

3 5-R-O .006 Silicon ND
Particies

4 13-F-O .004 NI

(t) F = Front; R = Rear; I = Inboard, O = Outboard
N• = Not defined; identification of complete crack site not possible due to multiple defects
NI = Not identified; fraciographic features obscured
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Multihole Durability

Specimen: Q2D2

Gross Stress (ksi): 37

Total Life (Flight Hours) 2419

Specimen Fracture at Holes: 5 and 12

Crack Number Hole Crack Length Initiation Site
IDW() at Failure

(inch) Type Size (inch)

1 6-R-I .016 NI

2 6-F-I .010 Silicon .0030
Particles

3 5-R-O >.006 NI -

4 12-F-O N/O Silicon ND
Particles

(1) F = Front, R = Rear; I = Inboard; 0 = Outboard
ND = Not defined; identification of complete crack site not possible due to multiple defects
NI = Not identified
N/O = No surface cracks observed
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Multihole Durability

Specimen: Q3D3

Gross Stress (ksi): 32

Total Life (Flight Hours) 13,528

Specimen Fracture at Holes: 2 and 9

Crack Number Hole Crack Length Initiation Site
ID(1 ) at Failure

(inch) Type Size (inch)

1 2-F-O >.090 Cavity .0006

2 13-F-O .049 NI --

3 9-F-O >.046 NI

4 2-F-I >.024 Silicon ND
Particles

(1) F = Front; R = Rear; I = Inboard; 0 = Outboard
ND = Not defined; identification of complete crack site not possible due to multiple defects
NI = Not identified
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Mu~tihole Durability

Specimen: Q4D4

Gross Stress (ksi): 33

Total Life (Flight Hours) 6628

Specimen Fracture at Holes: 5 and i2

Crack Numoer Hole Crack Length Initiation Site
I11) at Failurc

(inch) Type Size (inch)

I 6-R-O .086 NI

2 6-F-0 .042 NI

3 12-F-I >.020 NI

4 12-R-I >.010 NI

(1) F = Front; R -- Rear, I = Inboard; O = Outboard
ND = Not defired; identification of complete crack site not possible due to multiple defects
NI = Not identified
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Multihole Durability

Specimen: Q5AI

Gross Stress (ksi): 40

Total Life (Flight Hours) 28

Specimen Fracture at Holes: 2 and 9

No Fatigue Cracks Observed on Front or Rear Faces of the Specimen
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Multihole Durability

Specimen: Q5CI

Gross Stress (ksi): 35

Total Life (Flight Hours) 6755

Specimen Fracture at Holes: 2 and 9

Crack Number Hole Crack Length Initiation Site
ID() at Failure

(inch) Type Size (inch)

I 2-F-O >.054 Silicon ND

Particles

2 4-F-O .044 NI

3 6-F-O .018 Silicon .0015
Particles/
Shrinkage

Pore

4 3-F-O .010 Silicon ND
Particles

(1) F Front; R = Rear; I = Inboard; 0 = Outboard
ND = Not defined, identification of complete crack site not possible due to multiple defects
NI = Not identified
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MIirbhole Durabilify

Specimen: Q6A2

Gross Stress (ksi): 35

Total Life (Flight Hours) 3755

Specimen Fracture at Holes: 6 and 13

Crack Number Hole Crack Length Initiation Site
1130) at Failure

(incl,) Type Size (inch)

1 13-R-I .018 Silicon ND

Particles

2 1 1-R-O .008 NI -

3 13-R-O N/O Cavity .0015

(1) F = Frcat; R = Rear; I = Inboard; 0 = Outboard
ND = Not defined; identification of complete crack site not possible due to n:iultiple defects
NI = Not identified
NiO = No surface cracks obse'ved
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Multihole Durability

Specimen: Q6C2

Gross Stress (ksi): 40

Total Life (Flight Hours) 253

Specimen Fracture at Holes: 4 and I11

No Fatigue Cracks Observed on Front or Rear Faces of the Specimen
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Multihole Durability

Specimen: Q7A3

Gross Stress (ksi): 32

Total Life (Flight flours) 11,053

Specimen Fracture at Holes: 2 and 9

Crack Number Hole Crack Length Initiation Site
ID() at Failure

(inch) Type Size (inch)

1 2-F-O >.042 NI -

2 2-R-O >.030 Silicon .0004
Particle

3 2-F-I >.024 Silicon ND
Particles

4 4-F-O .020 NI

(1) F = Front; R = Rear; I = Inboard; 0 = Outboard
ND = Not defined; identification of complete crack site not possible due to multiple defects
NI = Not identified
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Multihole Durability

Specimen: Q8A6

Gross Stress (ksi): 25

Total Life (Flight Hours) 38,428

Specimen Fracture at Holes: 2 and 9

Crack Number Hole Crack Length Initiation Site
ID(1) at Failure

(inch) Type Size (inch)

1 1-F-O .104 Silicon ND

Particles

2 2-F-O >.098 NI

3 2-R-O >.074 Dross ND

4 2-R-I >.066 Silicon ND
Particles

(1) F = Front; R = Rear; I = Inboard; 0 = Outboard
ND = Not defined; identification of complete crack site not possible due to multiple defects
NI = Not identified
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Multihole Durability

Specimen: Q9B 1

Gross Stress (ksi): 37

Total Life (Flight Hours) 3628

Specimen Fracture at Holes: 6 and 13

Crack Number Hole Crack Length Initiation Site
ID() at Failure

(inch) Type Size (inch)

I 13-R-O >.022 Silicon ND

Particles

2 12-R-O .012 NI

3 1 !-F-I .010 NI

(1) F = Front; R = Rear; I = Inboard; 0 = Outboard
ND = Not defined; identification of complete crack site not possible due to multiple defects
NI = Not identified
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Multihole Durability

Specimen: Q10B2

Gross Stress (ksi): 25

Total Life (Flight Hours) 48,928

Specimen Fracture at Holes: 4 and II

Crack Number Hole Crack Length Initiation Site
ID(0) at Failure

(inch) Type Size (inch)

1 1-F-O >. 136 NI

2 10-F-O .100 NI

3 10-F-I .098 NI

4 11-R-O >.088 NI

(1) F = Front; R = Rear; I = Inboard; 0 = Outboard
NI = Not identified
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Multihole Durability

Specimen: Q111B3

Gross Stress (ksi): 35

Total Life (flight Hours) 6455

Specimen Fractu. e at Holes: 2 and 9

Crack Number Hole Crack Length Initiation Site
IDQ) at Failure

(i. ich) Type Size (inch)

1 10-R-I .035 Silicon ND
Particles

2 2-R-O >.028 Silicon .0010

Particle

3 10-F-I .026 NI

4 2-F-O >.022 NI

(1) F = Front; R = Rear; I = Inboard; 0 = Outboard
ND = Not defined; identification of complete crack site not possible due to multiple defects
NJ = Not identified
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Multihole Durability

Specimen: Qt2l,•4

Gross Stress (ksi): 32

Total Life (Flight Hours) 10,828

Specimen Fracture at Holes: 3 and 10

Crack Number Hole Crack Length Initiation Site
ID(1) at Failue

(inch) Type Size (inch)

I 10-R-I >.050 NI

2 10-F-I ->.045 Silicon ND
Particles

3 10-R-O >.022 Silicon ND
Particle

4 12-F-O .012 NI

(1) F = Front; R = Rear; I = Inboard; 0 = Outboard
ND = Not defined; identification of compiete crack site not possible due to multiple defects
Ni = Not identified
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Surface Flaw

Specimen: QIS 1

Gross Stress (ksi): 40

Total Life (Flight Hours) 11,428

Crack Length (in)

Front Rear
Total Life

Left Right Left (Flight Hours)

.016 .022 None 0
.025 .027 None 3000
.026 .028 .004 3600
.032 .034 .005 4800
.037 .039 .005 6000
.042 .042 .005 7200
.045 .048 .005 7800
.054 .058 .005 8400
.058 .059 .006 9000
".068 .065 .006 9300
.072 .068 .010 9600
.075 .076 .010 10,200
.093 .087 .010 10,800
.122 .112 .010 11,400
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Surface Flaw

Specimen: Q3S2

Gross Stress (ksi): 42

Total Life (Flight Hours) 7828

Crack Length (inch)

Front
Total Life

Left Right (Flight Hours)

.016 .024 0

.030 .030 2100

.033 .035 2700

.040 .039 3300

.044 .045 3900

.048 .051 5100

.056 .056 5700

.065 .063 6300

.075 .074 6900
.084 .091 7500
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Surface Flaw

Specimen: Q1OS3

Gross Stress (ksi): 35

Total Life (Flight Hours) 18,328

Crack Length (inch)

Front
Total Life

Left Right (Flight Hours)

.019 .021 0

.026 .028 1800

.026 .032 3900

.030 .034 5100

.032 .041 6300

.037 .04.5 7500
.038 .051 8700
.044 .052 9900
.052 .060 11,100
.058 .067 12,300
.062 .073 13,500
.069 .080 14,7G0
.089 .093 15,900
.096 .104 16,500
.111 .113 17,100
.129 .136 17,700
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Surface Flaw

Specimen: Q4S4

Gross Stress (ksi): 35

Total Life (Flight Hours) 19,933

Crack Length (inch)

Front
Total Life

Left Right (Flight Hours)

.022 .018 0

.038 .023 3300

.041 .023 4560

.043 .024 5700

.046 .024 6900

.047 .026 8100

.049 .032 9300

.053 .037 10,500

.056 .038 11,700

.062 .041 12,900

.068 .051 14,100

.074 .055 15,300

.080 .071 16,500

.098 .085 !7,700
.109 .099 18,300
.123 .114 18,900
!41 .138 19,500
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Precracked Hole

Specimen: QIHI

Gross Stress (ksi): 30

Total Life (Flight Hours) 1655

Crack Length (in)

Front Rear
Total Lfe

Left Right I..eft Right (Flight Hours)

None .040 None None 0
".044 .009 150
".047 .010 "2?0(
".054 .010 450
".055 .01 i 600
".058 .012 750
".062 .012 900
".063 .014 .010 1050
".064 .014 .010 1200
".073 .016 .012 1350
".073 .020 .013 15(W

.006 .085 .034 .016 1650
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Precracked Hole

Specimen: Q3H2

Gross Stress (ks;): 23

Total Life (Flight Hours) 16,055

Crack Length (in)

Front Rear
Total Life

Left Right Left (Flight Hours)

None .045 None 0
" .056 1200

".064 2400
".067 3600
".071 4800
".076 6000
".080 7200
".090 8400
".102 9600
".116 10,800
".124 12,000
".140 13,200

.006 .168 14,4o0

.008 .184 .028 15,000

.008 .194 .046 15,300
.010 .207 .05()0 15,600
.024 .236 .058 15,900
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Precracked Hole

Specimen: QlOH3

Gross Stress (ksi): 27

Total Life (Flight Hours) 7350

Crack Length (inch)

Front Rear
Total Life

Right Left (Flight Hours)

.045 None 0

.055 600

.062 1200

.073 1800

.074 2400

.080 3000

.085 3600

.095 4200

.100 4800

.115 5400

.140 6000

.158 6600

.186 6900

.206 .070 7200
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Precracked Hole

Specrnen: Q4H4 (Weld Repair)

Gross Stress (ksi): 23

Total Life (Flight Hours) 10,219

Crack Length (inch)

Front Rear
Total Life

Right Left (Flight Hours)

None None 0
.009 " 8400
.026 8700
.048 9000
.062 9150
.071 9300
.085 .025 9450
.125 .041 9600
.127 .068 9750
.140 .085 9900
.172 .120 10,200
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Precracked Hole

Specimen: Q9H5

Gross Stress (ksi): 27

Total Life (Flight Hours) 8428

Crack Length (inch)

Front Rear
Total Life

Right Left (Flight Hours)

.040 None 0

.052 1200

.062 2400

.065 3000

.069 3600

.072 4200

.080 4800

.087 5400
.093 6000
.106 6600
.118 7200
.134 7800
.186 .060 8400
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Precracked Hole

Specimen: Q 12H6

Gross Stress (ksi): 23

Total Life (Flight Hours) 19,333

Crack Length (in)

Front Rear
Total Life

Left Right Left (Flight Hours)

None .040 None 0
".050 1200
".054 2400
".058 3600
".064 4800
".069 6000
".074 7200
".076 8400
".082 9600
".090 10,800
".098 12,000
".110 13,200
".122 14,400
".134 15,600
".150 16,800
".172 " 18,000

.012 .191 .009 18,600

.022 .224 .088 19,200
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APPENDIX J
PHASE III, RECOMMENDED CHANGES TO
AMS 4241 (D357) FOR DURABILITY AND

DAMAGE TOLERANCE CASTINGS
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ALUMINUM ALLOY CASTINGS, SAND COMPOSITE
7.0S] - 0.58Mg - 0.15Ti - O.06Be (D357.0-T6)

SOLUTION AND PRECIPITATION HEAT TREATED
AIRCRAFT DURABILITY AND DAMAGE TOLERANCE QUALITY

1. SCOPE:

1.1 Form: This specification covers an aluminum alloy in the form of sand
composite molded castings.

1.2 Application: This product is intended to be typically used for
durability and damage tolerance structural aircraft components, but usage

is not limited to such applications.

1.3 Alloy D357.0 has restricted composition within the limits of alloy
A357.0.

1.4 This specification includes requirements for both fatigue and fracture
toughness. If not pertinent to the application, either property
requirement can be waived by the purchaser.

2. APPLICATION DOCUMENTS: The following publications form a part of this
specification to the extent specified herein. The latest issue of SAE
publications shall apply. The applicable issue of other publications

shall be the issue in effect on the date of the purchase order.

2.1 SAE Fublications: Available from SAE, 400 Commonwealth Drive,
Warrendale, PA 15096.

AMS 2350 - Standards and Test Methods
AMS 2360 - Room Temperature Tensile Properties of Castings
AMS 2694 - Repair Welding of Aerospace Castings
AMS 2804 - Identification, Castings
AMS 4188/5 - Aluminum Alloy Welding Wire. 7.OSi - 0.52Mg

ARP 1947 - Determination and Acceptance of Dendrite Arm Spacing in
Aluminum Castings

2. 2 ASTM Publications: Available from ASTM, 1916 Race Street, Philadelphia,
PA 19103 1187.

ASTM B 557 - Tension Testing of Wrought and Cast Aluminum and Magnesium

Alloy Products

ASTM B 660 - Packaging/Packing of Aluminum arid Magnesium Products

ASTM E 18 - Rockwell Hardness and Rockwell Superficial Hardness Testing

of Metallic Materials

ASTM E 3,4 - Chemical Analysis of Aluminum and Aluminum Alloys

ASTM E 155 - Reference Radiographs for Inspectior of Aluminum and

Magnesium CLstings
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ASTM E 466 - Conducting Constant Amplitude Axial Fatigue Tests of
Metallic Materials

ASTM E 1304 Plane-Strain (Chevron-notch) Fracture Toughness of Ye•.L>

Materials

2.3 US, Government Publications: Available from Commanding Officer, Naval
Publications and Forms Center, 5801 Tabor Avenue, Philadelphia, PA

19120.

2.3.1 Military Specifications:

MIL-H-6088 - Heat Treatment of Aluminum Alloys

MIL-STD-6866 - Inspection, Penetrant Method of

MIL-I 25135 - Inspection Materials, Penetrant

2.3.2 Military Standards:

MIL-STD-410 - Nondestructive Testing Personnel Qualification and
Certification (Eddy Current, Liquid Penetrant, Magnetic
Particle, Radiographic and Ultrasonic)

MIL-STD-453 - Inspection, Radiographic

2.4 AIA Publications: Available from National Standard Association, Inc.,
1321 14th Street, N.W., Washington, DC 20005.

NAS 823 - Cast Surface Comparison Standard

3. TECHNICAL REQUIREMENTS:

3.1 Composition: Shall conform to the percentages by weight shown in Table
1, determined by wet chemical methods in accordance with ASTM E 34, by
spectrochemical or by other analytical method:; approved by pur.-I,,'Vr:

Table 1. Composition

Element nin max

Silicon b_.5
Magnesium 0.55 0.60
Titanium 0.1') 0.20
Beryllium 0.04 0.0/
Iron -- 0.12
Manganese 0.I0
Other Impurities, each -- 0.03
Other Impurities, total - 0 1•

Aluminum redai 1!(h
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3.1.1 The use of strontium or sodium as a silicon particle modifier is
permitted if approved by the purchaser. When permitted, the maximum

percentage by weight shall be 0.014 for strontium or 0.012 for sodium.

3.2 Condition: Solution and precipitation heat treated.

3.3 Casting: Castings shall be produced in lots from metal conforming to
3.1.

3.3.1 A melt shall be a single homogeneous batch of molten metal on which all
processing has been completed and the temperature has been adjusted
ready for pouring castings.

3.3.2 A lot shall be all castings poured from a single melt in not more than
eight consecutive ho,,rs and solution and precipitation heat treated in
the same heat treat batch.

3.4 Test Specimens:

3.4.1 Chemical Analysis Specimens: Shall be cast from each melt.

3.4.2 Integrally-Attached Coupons: Coupons shall be integrally-attached to
each casting to permit tensile, fatigue, and fracture toughness
testing.

3.4.2.1 Each casting shall have at least two integrally-attached tensile

coupons. One coupon shall be left attached and used only if repeated
heat treatment is necessary. Location and size of the coupons are
optional with the following exceptions:

3.4.2.1.1 The coupons shall be flat and sufficientlv large to permit excision
of a sub-size round tensile specimen 0.2- Inch (6.35 mm) in
diameter with a gage length of 1 Inch (2' '1 mm), conforming to ASTM

B 557.

3.4-2.2 Each casting shali have at least three integrally-attached fatigue
coupons. Si..e of the coupons is optional, with the following
exceptions:

3.4.2.2.1 The coupons shall be sufficiently large to permit excision of a
round specimen 0.50 inch (12.7 mm) in diameter, with a minimum gage
length of 2.0 inch(vs (50.8 mm), conforming to ASTM E 466 . All

machining marks shall be removed and the gage section shall be
polished parallel to the specimen axis. The final polish shall be
with Crocus cloth.

.4.2 3 Each casting shall have at least two Integrally-attached fracture

toughness coupons. The coupons shall be sufficiently large to permit.

excision of a specimen that conforms to ASTM E 1304.

2 4 The radiographic quality of the coupons shall meet the requirements

for designated areas of Table 2.
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3.4.2.5 Testing of integrally-attached coupons for casting acceptance shall
be performed by a testing facility which has been approved by
purchaser and the foundry, and is independent of the foundry.

TABLE 2. Radiographic Requirements

Maximum acceptance defects in aluminum alloy castings (maximum permissible
radiograph in accordance with ASTM E155):

Radiograph Designated Other
Defects Reference Area Areas

Gas holes 1.1 1 2
Gas porosity (round) 1.21 1 3
Gas porosity (elongated) 1.22 1 3
Shrinkage cavity 2.1 1 2
Shrinkage porosity or sponge 2) 1 2
Foreign material (less dense) 3 11 1 2
Foreign material (more dense) 3.12 1 2
Segregation - - - none none
Cracks - - - none none
Cold shuts --- none none
Laps - - - none none

NOTES:

(1) When two or more types of defects are present to an extent equal to or
not significantly better than the acceptance standards for respective
defects, the parts shall be rejected.

(2) When two or more types of defects are present and the predominating
defect is not significantly better than the acceptance standard, tht, part
shall be considered borderline and shall be reviewed for disposition by
the cognizant engineering personnel.

(3) Gas holes or sand spots and inclisions allowed by this table sthall be
cause for rejection when closer than twice their maximum dimension to an
edge or extremity of a casting.

3.5 Heat Treatment: Castings and integrally-attached coupons shall be
solution and precipitation heat treated in accordance with MIL..H-6088
except as specified in 3.5.1 and 3.5.2.

3.5. The solution heat treat temlperature shall be 1000' - 1020'F (450 -
550-C).

3.').? The quenching and precipitation heat treating procedure shall he
established to develop the required casting proZ0i ties.
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3.6 ProDerties: Castings and integrally-attached chilled coupons shall
conforri, to the following req~tirements:

3.6.1 Tensile Properties: Shall be as follows, determined in accordance with
ASTM B 557:

3.6.1.1 Integrally-Attached Chilled Coupons; For heat treat control, the
tensile properties shall, as shown in Table 3.

TABLE 3. Tensile Properties

Tensile Strength, min 51.0 ksi (352 MPa)
Yield Strength at 0.2% Offset 42.0 - 47.0 ksi

(290-324 MPa)

3.6.1.2 Specimens Cut from Castings: Tensile properties of specimens cut
from a casting or castings shall be as shown in Table 4 or Table 5.

'fable 4. Designated Casting Areas:

Tensile Strength, minimum 50.0 ksi (345 MPa)
Yield Strength at 0.2% Offset, minimum 40.0 ksi (276 MPa)
Elongation in 4D, min (See 3.6.1.2.3) 2%

Table 5. Casting Areas Other Than Designated Areas:

Tensile Strength, minimum 45.0 ksi (310 MPa)
Yield Strength at 0.2% Offset, minimum 36.0 ksi (248 MPa)
Elongation in 4D, min (See 3.6.1.2.3) 2%

3.6.1.2.1 Excised specimens shall be subsize and proportional to the standard
round or sheet type specimens defined in ASTM B557. For sheet type
specimens, elongation shall be measured Lased on a gage length of
4.5 x (cross-sectional area)".

1.6.2 Fatigue Properties: Shall be as follows, determined in accordance with

ASTM E 466:

6 2.1 I ntegrp-ily-Attached Coupons: Three specimens shall be tested under
constant amplitude fatigue loading at a frequency between 10 and 2)
Hz. The maximum stress shall be 40,0 ksi (276 MPa) at a stress

ratio of 0.1, and a stress concentration factor of 1.0.
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The log average life of the three specimens shall be 85,000 cycle-,
with a minimum individual life of 46,000 cycles.

3.6.2.2 _Secimens Cut From Castings: If the casting is sufficiently large to
permit the provision of the specimens in 3.4.2.2.1, the average and
minimum fatigue life requirements in 3.6.2.1 shall apply. If it is

rnot possible to excise 0.5 inch (12.7 mm) diameter specimens from the
casting, smaller specimens are permitted. These shall have a 0.250
inch (6.4 mm) or 0.375 inch (9.5 mm) diameter gauge section. The

gauge section shall be between 1.5 inches (38.1 mm) and 2.0 inches
(50.8 mm) long. All fatigue specimens shall be excised from
designated areas of the casting.

The log average life for the 0.250 inch (6.4 mm) and 0.375 inch (9.5
mm) specimens shall be 68,000 and 78,000 cycles, respectively. The
minimum fatigue life for each individual specimen shall be 36,000 and

42,000 cycles for the 0.250 inch (6.4 mm) and 0.375 inch (9.5 mim)

diameter gauge sections, respectively.

3.6.3 Fracture Toughness Properties: Shall be not less than 21 Jinch,
determined in accordance with ASTM E 1304.

3.6.4 When properties other than those of 3.6.1, 3.6.2, or 3.6.3 are required
specimens taken from locations indicated on the drawing, from a casting
or castings chosen at random to represent the lot, shall have the
properties indicated on the drawing For such specimens. Tensile
property requirements may be designated in accordance with AMS 2360.

3.6.5 Microstructure: The microstructure of the casting surface in the

designated areas of the casting shall have a dendrite arm spacing that
does not exceed 0.0020 inch (0.051 mm), determined in accordance with
ARP1947. Castings which exhibit. an unacceptable microstructure, but
which meet the requirements of 3.6.1, 3.6.2, and 3.6.3, shall be held
for disposition by purchaser's cognizant engineering personnel

3.7 Quality:

3.7.1 Castings, as received by purchaser, shall be uniform ill qua lity and
condition, sound, and free from foreign materials ant t ran

imperfections detitnenrtal to usage of the castig.gs.

3 .7 .1.1 Castings shall have a a.urface finish in accordance w .h the
engineering drawing, and NAS 823 or equivalelnt anld sha 1I ht' wIl
cleaned.

3 .7 .2 Castings shall he produced nudter loundry countol. Tlhis contiol 5 I hill
consist of preproduct ion ex,,1i nat ion of cast. 1 uiis unt I l proper toiiiidl v

technique and controls are established, which will product, cast iigs
that will m-eet the drawirig, qtUality and di mensionrtal1 ret i i rerne t s.

3,7 3 Radiographic inspection shall be pexo iolitd onl c.lc'l <';i;t l c ,,, in
accordance with MIL-STD-004'53. Tvpe I razdin•pgraic I ilim shi!l hi l ,,,.
and a maxi mum unshalcpness value of 0.003 iln. (0).8 OHamm) amid f aw
sensitivity of 1% shall be maintained. ASTM E l.5 shall he us(.d to
define raoiographic accent-ince standards in accordamnc- with Table 1.
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3.7.4 Each casting shall be subjected to fluorescent penetrant Inspect iori in
accordance with MIL-STD-6866.

3 .7.4.1 The t• ......- nt penetrant shall have a sensitivity level equivalents
to group V of MIL-I-25135

3,7.4.2 Personnel conducting the testing shall be rualified and certified in
accordance with MIL-STD-410.

3.7.4.3 Linear indications, cold shuts, cracks, and seams are not acceptable.

3.7.4.4 Surface porosity shall be cause for rejection if the individual pores
are closer than twice their maximum dimension to an edge or
extremity of the casting or the pores form a linear indication,
i.e., three or more are in a line and the distance between each
indication is less than twice the maximum dimension of either
adjacent indication.

3. 7.4.5 Any individual. indication which is three times longer than it is wide
shall be considered a linear indication and is riot acceptable.

3.7.5 Castings shall not be repaired by peening, plugging, welding, or other
methods, except as specified in 3.7.5.1.

3.7.5.1 Defects in non-critical areas of the casting may be removed and the
castings repaired by welding iii accordance with AMS 2694, using AMS
4188/5 alloy filler metal. The vendor's weld procedures shall have
prior approval by purchaser.

4. QUALITY ASSURANCE PROVISIONS:

4.1 Resgponsibility for Inspection: The vendor of castings shall be
responsible for coordinating all acceptance testing of production
castings at purchaser approved facilities. Testing of specimens excised
periodically from castings and DAS determinations, when required, shall
be performed at a testi.ng facility approved by purchaser and foundry and
shall be independent of the foundry. Results of such tests shall be
reported to the purchaser as required by 4.5. Purchaser reserves the
right to sample and to perform any confirmatory testing deemed necessary
to ensure that the castings conform to the requirements of this
specification.

44.2 Classification of Tests:

4.2,1 Acceptance Tests: Tests to determine conformance to requirements for
composition (3.1), properties of spe. iiens cut from castings and
integrally-attached coupons (3.6), anld quality (3.7) -lre classified as
acceptance tests and shall be performed on each cast i ,,, melt, or lot
as applicable.
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4.2.2 fre.p.r)roducti on Tes ts Tests to determine conformance to all technical
requirements of this specification are classifit.• as preproduction
tests and shall be performed prior to or on the first-article shipment
of casting to a purthaser, when a change in material, processing, or
both requires reapproval as in 4.4.2, and when purchaser deems
confirmatory testing to be required.

4.2.2.1 For direct U.S. Military procurement, substantiating test dat:a and,
when requested, preproduction test material shall. be submitted to the

cognizant agency as directed by the procuring activity, contracting
officer, or request for procurement.

4.3 Samilin_• : Shall be in accordance with the following:

4.3.1 For Acceptance Te-,ts:

4.3.1.1 One chemical analysis specimen in accordance with 3.4.1 from each
melt.

4.3.1.2 The destructive testing of castings for the evaluation of excised
test specimens shall occur at the following frequency:

4.3.1.2.1 First 30 Castings Received: One casting from each 10 production
castings shall be selected for destructive testing.

4.3 1.2.2 Castings Received Thereafter: If no failure occurs in 4.3.1.2.1,
one casting from each 25 production castings consecutively received
thereafter shall be tested. If a failure occurs, the test
frequency reverts to one from each 10 production castings from the
next 30 castings received.

4.3.1.3 The tensile properties of an integrally-attached coupon required by
3.6.1.1 from each casting shall be determined. Testing shall be
performed by a test facility approved by purchaser and independent of

the foundry.

4.3.1.4 The fatigue properties of three integrally-attached coupons requiiosd
by 3.6.2.1 from each casting shall be determined. Testing shall .k
performed bi a test. facility approved by purchaser and independent of
the foundry.

4.3.1.5 The fracture toughness properties of aa integrally-attached coupon
required by 3.6.3.1 from each casting shall be determined. Testing
shall be performed by a test: facility approved by purchaser and
independent of the foundry.

4.3.2 For Periodic Tests arnd Preproduction Tests: As agreed upon by
purchaser and vendor and the following:

4.3.2.1 When required, specific test sites on the casting and frequency of
evaluating castings for surface microstructu Q shall be defined by
purchaser at the time of preproduction approval.

471



4.4 Apkroval:

4.4.1 Sample castings from new or rewori od patterns shall be approved by
purchaser before castings for production use are supplied, unless such
approval be waived by purchaser.

4.4.1.1 Two preproduction castings of each part number shall be furnished to
purchaser. One casting shall have been dimensionally inspected by
the vendor and the results shall be forwarded with the casting for
approval. The second casting shall be supplied to purchaser for
metallurgical evaluation. All vendor test results obtaiaied to
substantiate the metallurgical. quality of the casting shall be
included.

4,4.2 Vendor shall document the parameters for the process control factors
which will produce acceptable castings. These shall constitute the
approved casting procedure and shall be used for producing production
castings. If necessary to make any change in parameters for the
process control factors, vendor shall submit for reapproval a statement
of the proposed changes in material, processing, or both and, when
requested, integrall:-attached coupons, sample castings, or both.
Production castings incorporating the revised operations shall not be
shipped prior to receipt of written reapproval.

/4 42.?1 Control factors for producing castings include, but are not limited
to, thH following:

Melting practice regarding control of:

Chemistry

Gas content
Melt :emperature
Grain Size

Molding procedure regarding:

Materials and assembly
Gating and risering systems
Solidification rate in designated areas

Heat treatment practice regarding:

Temperature and time parameters

Load density
Quenching procedure

Shop traveler describing the sequence of processing, inspection, and
testing.

4.4 2 .1.1 Any of the above process control factors for which parameters are
considered proprietary by the vendor may be assigned a code
designation. Each variation in such parameters shall be assigned a
modified code designation.
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4.5 Re.or_ :

The vendor of castings shall furnish with each shipment a report

showing the results of tests for chemical composition of each melt,
tensile, fatigue and fracture toughness properties of attached
specimens representing each casting and specimens cut from castings if

applicable, penetrant and radiographic inspections of each casting by

serial number, and, when performed, microstructure results from each

lot. This report shall include the purchase order number, AMS XXXX,
part number, and quantity.

4.6 Resampling and Retestjnag:

4.6.1 Attached Coupons:

4.6.1.1 Replacement or an integrally-attached coupon is permitted when an
isolated flaw is evident on the fracture face of a broken specimen.

4.6.1.2 Testing is required of an integrally-attached tensile coupon aftor
reheat treatment. The replacement specimen shall be taken from an
additional coupon which has remained integrally attached to the
casting through the reheat treat process.

4.6.2 Test Specimens Excised from Castings:

4.6.2.1 Replacement of test specimens shall be allowed for poor machining,
incorrect test procedure, malfunction of test equipment, or fracture
location.

4.6.2.2 Retesting shall be permitted by testing two adjacent specimens.
Should it not be possible to obtain adjacent specimens, or if a
replacement specimen also fails, two additional castings shall be
tested. Failure of a specimen in a second casting shall be cause to
consider the lot of castings suspect and the purchaser contacted for
material review action. All castings shipped and in process since
the last acceptable tensile test of a casting shall be reviewed for
disposition.

4.6.2.3 All retest specimens shall be located to represent as nearly as

possible the quality of the metal of the original test.

5. PREPARATION FOR DELIVERY:

5.1 Identification: Shall be in accordance with AMS 2804. Each casting
shall be identified by an individual serial number to relate processing

of the part with the inspection results for traceability.

5.1.1 Each casting shall be identified by legible raised figures w;ith part
number, foundry identification, and serial nunber in the area indicated
on the engineering drawing. The serial number shall be used onily oi to
provide traceability to the processing of a particular part.

5.1.2 Each casting accepted by radiographic inspection shall be ink stamped
in accordance with MIL-STD-453.
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5.1 .3 Each casting accepted by penetrant inspection shall be ink stamped in
accordance with MIL-I-6866.

5.1.4 Integrally-attached coupons shall be identified by a vibroetched seri.al
number corresponding with the casting serial number.

5.1.5 Castings and the accompanying reports shall identify the heat treatment
and melt analysis of each casting through the serial number.

5.1.6 When impregnation is specified or permitted by purchaser, castings so
treated shall be marked "IMP".

5.2 Packaging:

5.2.1 Castings shall be prepared for shipment in accordance with commercial.
practice and in compliance with applicable rules and regulations
pertaining to the handling, packaging, and transportation of the
castings to ensure carrier acceptance and safe delivery.

5.2.2 For direct U.S. Military procurement, packaging shall be in accordance
with ASTM B 660, Commercial Level unless Level A is specified in the
request for procurement.

6. ACKNOWLEDGMENT: A vendor shall mention this specification number in all
quotations and when acknowledging purchase orders.

7. REJECTIONS: Castings not conforming to this specification, or to
modificatiors authorized by purchaser, will bt ,ubject to rejection.

8. NOTES:

8.1 Dimensions and properties in inch/pound units and the Fahrenhiet
temperatures are primary; dimensions and properties in SI units and
Celsius temperatures are shown as the approximate equivalents of the
primary units and are presented only for information.

8.2 This specification was developed specifically for sand composite molded
castings; however, castings produced by other processes may also be
capable of satisfying Lhese requirements.

8.3 Aircraft durability and damage tolerance structural quality is intended
to imply that these castings will exhibit the integrity and reliability
required for primary aircraft structural applications, particularly those
for which minimum fatigue life and fractur, toughness are needed.
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8. 4 For d1. rec t U. S . Mil i ta ry procurement purnt iase uI c IIue st s should s p v c t y
not less than the following:

Title, number, and date of this specification
Part number or pattern number of castings desired

Quantity of castings desired
Level A packaging, if required (See 5.2.9)

8.5 Castings meeting the requirements of this specification have been
classified under Federal Standardization Area Symbol "MECA".

PREPARED UNDER JURISDICTION OF AMS COMMITTEE 'D'

475



CA~ f The Engineering AMS 4241
SResource For AEROSPACE E

Advancing Mobility. MATERIAL
400 Cormonwealth Dr,, Warrendale, PA 15096 SPECIFICATION Issued 7-1 -86

Subm;tted for recognition as an American National Standard

ALUMINUM ALLOY CASTINGS, SAND COMPOSITE
7.OSi - 0.58Mg - 0.lSTi - O.06Be (D357.0-T6)

Solution and Precipitation Heat Treated
Aircraft Structural Quality UNS A03570

1. SCOPE:

1.1 Form: This specification covers an aluminum alloy in the form of sand

composite molded castings.

1.2 Application: Primarily for structural aircraft components.

1.3 Alloy D357.0 has restricted composition within the limits of alloy A357.0.

2. APPLICABLE DOCUMENTS: The following publications form a part of this
specification to the extent specified herein. The latest issue of Aerospace
Material Specifications and Aerospace Recommended Practices shall apply. The
applicable issue of other documents shall be as specified in AMS 2350.

2.1 SAE Publications: Available from SAE, 400 Cormonwealth Drive, Warrendale,

TK--T 9-6.

2.1.1 Aerospace Material Specifications:

AMS 2350 - Standards and Test Methods
AIS 2360 - Room Temperature Tensile Properties of Castings
AMS 2694 - Repair Welding of Aerospace Castings
AI4S 2804 - Identification, Castings
AMS 4188/5 - Aluminum Alloy Welding Wire, 7,OSi - 0.52Mg

2.1.2 Aerospace Recommended Practices:

ARP 1947 - Determination and Acceptance of Dendrite Arm Spacing in
Aluminum Castings

S!, E Te:h',ca' Board Rules provide thatr "This report is published by SAE to advance the state of technical and
eng,-eering sciences The u.e of this report is entirely voluntary, and its applicability and suitability for any particular
use, icluding any patent infringement arising therefrom, ts the sole responsibility of the user,"

AMS documents are protected under United States and international copyright laws Reproduction of these documents
by a'nv "e. , -t,,r ilv orohibiled without the wrIrten rornsent of the Dubhisher

Copyright 1986 Society of Automotive Engineers, Inc. Printed ,n U S A
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%W AMS 4241 Page 2

IF .-- ' 0ublications: Available from American Society for Testing and
""a:-a7s, 16 Race Street, Philadelphia, PA 19103.

ASTM B557 - Tension Testing Wrought and Cast Aluminum- and Magnesium-Alloy
Products

ASTM El8 - Rockwell Hardness and Rockwell Superficial Hardness of Metallic
Material s

ASTt E34 - Chemical Analysis of Aluminum and Aluminum Alloys
ASTM E155 - Reference Radiographs for Inspection of Aluminum and Magnesium

Castings
2.3 U.S. Government Publications: Available from Commanding Officer, Naval

Publications and Forms Center, 5801 Tabor Avenue, Philadelphia, PA 1912"0.

2.3.1 Military Specifications:

MIL-H-6088 - Heat Treatment of Aluminum Alloys
- IL-I-6866 - Inspection, Penetrant Method of
MIL-I-25135 - Inspection M1aterials, Penetrant

2.3.2 Military Standards:

MIL-STD-410 - Nondestructive Testing Personnel Qualification and
Certification (Eddy Current, Liquid Penetrant, Magnetic
Particle, Radiographic and Ultrasonic)

MIL-STD-649 - Aluminum and Magnesium Products, Preparation for Shipment
and Storage

MIL-STD-00453 - Inspection, Radiographic

2.4 AIA Puolications: Available from National Standard Association, Inc.,
Ml 14th Street, N.W., Washington, DC 20005.

NAS 823 - Cast Surface Comparison Standard

3. TECHNICAL REQUIREMENTS:

3.1 Composition: Shall conform to the following percentages by weight,
determined by wet chemical methods in accordance with ASTM E34 or by
spectrographic or other analytical methods approved by purchaser:

min max

Silicon 6.5 - 7.5
Magnesium 0.55 - 0.6
Titanium 0.10 - 0.20
Beryllium 0.04 - 0.07
Iron -- 0.12
Manganese -- 0.10
Other Impurities, each -- 0.05
Other Impurities, total -- 015
Al uminum remainder

3.2 Condition: Solution and precioitation heat treated.
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3.3 C,.stinU: Castings shall be produced from metal conforming to 3.1.

3.3.1 A melt shall be a single homogenous batch of molten metal on which all
processing has been completed and the temperature has been adjusted ready
for pouring castings.

3.3.2 A lot shall be all ,.azings poured from a single melt in not more than
eight consecutive hours and solution and precipitation heat treated in the
same heat treat batch.

3.4 Test Specimens:

3.4.1 Chemical Analysis Specimens: Shall be cast from each melt.

3.4.2 Integrally-Attached Coupons: At least two coupons snall be
integrally-attached to each casting. The two coupons shall represent a
variation of size of Dendrite Arm Spacing (DAS). The chilled coupon
exhibiting a small DAS shall be identified as coupon "A"; the coupon of
large DAS shall bi identified as coupon "B". These coupons shall be used
for tensile property determination specified in 3.6.1.1 and microstructure
evaluation specified in 3.6.3. Additional coupons may be added for retest
and foundry purposes at the option of the foundry.

3.4.2.1 Location and size of the integrally-attached coupons are optional with
the following exceptions:

3.4.2.1.1 The coupons shall be flat and at least large enough to permit excision
of a sub-size round tensile specimen of 0.250 in. (6.25 mm) diameter
conforming to ASTM B557 with a gage length of 1 in. (25 mm).

3.4.2.1.2 The coupons shall be located in such a manner as to avoid any
interference with inspection tooling.

3.4.2.2 The two coupons shall be produced with varying solidification rates to
develop a minimum DAS size difference of 0.0010 in. (0.025 mm) within a
tensile strength range of 47,000 - 57,000 psi (325 - 395 MPa).

3.4.2.3 The radiographic quality of the coupons shall meet the requirements for
designated areas of Table I.

3.4.2.4 Removal and testing of integrally-attached coupons for casting
acceptance shall be performed by a testing facility which has been
approved by purchaser and the foundry and is independent of the foundry.

3.5 Heat Treatment: Castings and integrally-attached coupons shall be solution
and precipitation heat treated in accordance with MIL-H-6088 except as
specified in 3.5.1 and 3.5.2.

3.5.1 The solution heat treat temperature shall be 10000 - 1020°F (540 - 55"OC).

3.5.2 The quenching and precipitation heat treating procedure sha2l be
established to develop the required casting properties.
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3.6 Properties: Castings and integrally-attached chilled coupon "A" shall conforr
-tf6 llowina requirements:

3.6.1 Tensile Properties: Shall be as follows, determined in accordance with ASTM
B557 an shall be ,used as basis for acceptance of castings:

3.6.1.1 Integrally-Attached Chilled Coupon "A": For heat treat control, the
-1-ow-T-ng tensile properties shall eexhibited:

Tensile Strength, min 51,000 psi (350 MPa)
Yield Strenqth at 0.2% Offset 42,000 - 47,000 psi

(290 - 325 MPa)

3.6.1.2 Specimens Cut from Castinqs: Tensile properties of speciimens cut from a

casting orF c-a-it-•ns sna-l-aFe as follows:

3.6.1.2.1 Designated Casting Areas:

Tensile Strength, min 50,000 psi (345 MPa)
Yield Strength at 0.2% Offset, min 40,000 psi (275 MPa)
Elongation in 4D, min (See 3.6.1.2.4) 3%

3.6.1.2.2 Casting Areas Other Than Designated Areas:

Tensile Strength, min 45,000 psi (310 MPa)
Yield Strength at 0.2% Offset, min 36,000 psi (260 MPa)
Elongation in 4D, min (See 3.6.1.2.4) 2%

3.6.1.2.3 When properties other than those of 3.6.1.2.1 or 3.6.1.2.2 are required,
tensile specimens taken from locations indicated on the drawing, from a
castinq or castings chosen at random to represent the lot, shall have the
properties indicated on the drawing for such specimens. Property
requirements may be designated in accordance with AMS 2360.

3.6.1.2.4 Excised specimens shall be subsize and proportional to the standard round
"or sheet type specimens defined in ASTM B557. For sheet tyve specimens,
elongation shall be measured based onA.5%4cross-sectional area.

3.6.2 Hardness of Castinqs: Should be not lower than 90 HRrJ, determined in
accordance with ASTM E18, but castings shall not be rejected on the basis of
hardness if the tensile property requirements of 3.6.1.2 are met.

3.6.3 Microstructu~re: T#,e microstructure of the casting surface in the designated
areas of thecasting shall not exceed the maximum size coarseness, deterrine-
in accordance 0ith ARP 1947. Castings which exhibit an unacceptable
microstructure, shall be held for disposition by purchaser's cognizant
engineeri,:g personnel. Castings shall not be rejected, however, if the
requirements of 3.6.1.2 are met.
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3.70Duality:
II

3.7.1 Castings, as received by purchaser, shall b" uniform in quality and
condition, sound, and free from foreign materials and from imperfections
detrimental to usage of the castings.

3.7.1.1 Castings shall have a surface finish in accordance with the engineering
drawing and NAS 823 and shall be well cleaned.

3.7.2 Castings shall be produced under foundry control. This control shall
consist of preproduction examination of castings until proper foundry
technique and controls are established which will produce castings that
will meet the drawing quality and dimensional requirements.

3.7.3 Radiographic inspection shall be performed on each casting in accordance
with MIL-STD-00453. In addition, Type 1 radiographic film shall be used,
and a maximum unsharpness value of 0.003 in. (0.08 mm) and flaw
sensitivity of 1% shail be maintained. ASTM E155 shall be used to define
radiographic acceptance standards in accordance with Table I.

3.7.4 Each casting shall be subjected to fluorescent penetrant inspection in
accordance with MIL-I-6866.

3.7.4.1 The fluorescent penetrant shall have a sensitivity level equivalent to
group V of MIL-I-25135.

3.7.4.2 Personnel conducting the testing shall be qualified and certified in

accordance with MIL-STD-410.

3.7.4.3 Linear indications, cold shuts, cracks, and seams are not acceptable.

3.7.4.4 Surface porosity shall be cause for rejection if the individual pores
are closer than twice their maximum dimension to an edge or extremity of
the casting or the pores form a linear indication, i.e., three or more
are in a line and the distance between each indication is less than
twice the maximum dimension of either adjacent indication.

3.7.4.5 Any individual indication which is three times longer than it is wide
shall be considered a linear indication and is not acceptable.

3.7.5 Castings shall not be repaired by peening, plugging, welding, or otner
methods, except as specified in 3.7.5.1.

3.7.5.1 Defects in non-critical areas of the casting may be removed and the
castings repaired by welding in accordance with AMS 2694, using
AMS 4188/5 alloy filler metal. The vendor's weld procedures shall have
prior a.pro% I by purchaser.

4. QUALITY ASSURANICE PROVISIONS:

4.1 Responsibility for Inspection: The vendor of castings shall be responsible
fTo coordinating all acceptance testing of production castings at the
nur,7-"are-'- norokeý a Telnsile testing of srecimens excised
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4.1 (Continued):

periodically from castings and DAS determinations, when required, shall be
performed at a testing facility approved by purchaser and foundry and
independent of the foundry. Results of such tests shall be reported to the
purchaser as required by 4.5. Purchaser reserves the right to sample and to
perform any cconfiiatory testing deemed necessary to ensure that the
castings conforI to the requirements of this specification.

4.2 Classification of Tests:

4.2.1 Acceptance Tests: Tests to determine conformance to requirements for
compositior (3A), tersile properties of integrally-attached coupons
(3.6-1.1), tensile properties of specimens cut from castings.(3.6.1.2).
and quality (3.7) are classified as acceptance tests and shall be
performed on each casting, ms-t, or lot as applicable.

4.2.2 Periodic Tests: tests to deternmne conformance to requirements for
hardness (3.6.2) and microstructure (3.6.3), are classified as periodic
tests arid shall be ptrformned at a frequency selected by the vendor unless
frequency of testing is specified by purchaser.

4.2.3 Pr ouction Tests: Tests to determine conformance to all technical
reouirements of this specification are classified as preproduction tests
and shall be pe.-formed prior to or on the first-article shipment of a
casting to a purchaser, when a change in material, processing, or both
requires reapproval as in 4.4.2, and when purchaser deems confirmatory
testing to be required.

4.2.3.1 For direct U.S. Military procurement, substantiating test data and, when
reou~sted, preoroduction test material shall be submitted to the
cognizant agency as directed by the procuring activity, the contracting
officer, or, the request for procurement.

4 4.3 SaI_ FIn.: Shall be in accordance with the following:

4.3.1 For k-ceptance Tests:

4.3.1.1 One chemical analysis specimen in accordance with 3.4.1 from each melt.

4.3.1.2 The destructive testing of castings for the evaluation of excised test
-- ecime'n shal occur at the followinc frenuencv:

4.3.1.2.1 First 30 Castings Receive': One casting from each 10 production
castinqs shalM hIe elected for destructive testing.

.... .. . CC•ý ýngs PReceived lhe-a;after: If no failure occurs in 4.3.1 .2.1 , one,
castin-, from each 7 E ro dj 1c)on castings consecutively received
thereafte, shall br tested. If a failure occurs, the tcst frequency
reverts to one from each 1C production castings from the next 30
castings received.

I_



Page 7 AMS 4241

4.3.1.3 The tensile properties of an integrally-attached coupon required by
3.6.1.1 from each casting shall be determined. Removal of the coupon
shall only be performed by a test facility approved by purchaser and
independent of the foundry.

4.3.2 For Periodic Tests and Preproduction Tests: As agreed upon by purchaser
and vendor and the following:

4.3.2.1 When required, specific test sites on the casting and frequency of
evaluating castings for surface microstructure shall be defined by
purchaser at the time of preproduction approval.

4.4 Approval:

4.,4,1 Sample castings from new or reworked patterns shall be approved by
purchaser before castings for production use are supplied, unless such
approval be waived by purchaser.

4.4.1.1 Two preproduction castings of each part number shall be furnished to
purchaser. One casting shall have been dimensionally Inspected by the
vendor and the results shall be forwarded with the casting for
approval. The second casting shall be supplied to purchaser for
metallurgical evaluation. All vendor test results obtained to
substantiate the metallurgical quality of the casting shall be included.

4.4.2 Vendor shall document the parameters for the process control factors which
will produce acceptable castings. These shall constitute the approved
casting procedure and shall be used for producing production castings. If
necessary to make any change in parameter; for the process control
factors, vendo;- shall submit for reapproval a statement of the proposed
changes in material, processing, or both and, when requested,
integrally-attached coupons, sample castings, or both. Production
castings incorporating the revised operations shall not be shipped prior
to receipt of written reapproval.

• .4.2.1 Control factors for producing castings include, but are not limited to,
the following:

Melting practice regarding control of:

Chemistry
Gas content
Melt temperature
Grain Size

Molding procedure regarding:

Materials and assembly
Gat>icn and risering systems
Solidification rate in designated areas
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4.4.2.1 (Continued):

Heat treatment practice regarding:

Temperature and time parameters
Load density
Quenching procedure

Shop traveler describing the sequence of processing, inspection, and
testing.

4.4.2.1.1 Any of the above process control factors for which parameters are
considered proprietary by the vendor may be assigned a code
designation. Each variation in such parameters shall be assigned a
modified code designation.

4.5 Reports:

4.5.1 The vendor of castings shall furnish with each shipment a report showing
the results of tests for chemical composition of each melt, tensile
properties of attached specimens representing each casting and specimens
cut from castings if applicable, penetrant and radiographic inspý?ctions of
each casting by serial number, and, when performed, microstructure and
hardness test results from each lot. This report shall include the
purchase order number, AMS 4241, part number, and quantity.

4.5.2 The vendor of finished or semi-finished parts shall furnish with each
shipment a report showing the purchase order number, AMS 4241, conti ictor
or other direct supplier of castings, part number, and quantity. When
castings for making parts are produced or purchased by the rarts ven,'or,
that vendor shall inspect each lot of castings to determine conformance to
the requirements of this specification and shall include in the repori
either a statement that the castings conform or copies of laboratory
reports showing the results of tests to determine conformance.

4.6 Resampling and Retesting:

4.6.1 Attached Coupons:

4.6.1.1 Replacement of the integrally-attached coupon is perm.itted when an
isolated flaw is evident on the fracture face of the broken tensile
specimen.

4.6.1.2 Testing is required of an integrally-attached chilled coupon after
reheat treatment. The replacement specimen shall be taken from an
additional coupon which has remained integrally attached to the casting
through the reheat treat process.

4.6.2 Tensile Specimens Excised from Castings:

4.6.2.1 Replacement of tensile specimens shall be allowed in accordance with
ASTM B557 for pcor machining, incorrect test procedure, malfunction of
test equipment, or fracture location.

'+8'3



Page 9 AS44

,.6.2.2 Retesting of a tensile specimen excised from the castings is permitted
only when the fracture face indicates an isolated gas hole or piece of
foreign material, Retesting shall be pernitted by.testing two adjacent
specimens. Should it not be possible to obtain adjacent specimens, or
if a replacement specimen also fails, two additional castings shall be
tested. Failure of a tensile specimen in a second casting shall be
cause to consider the lot of castings suspect and the purchaser
contacted for material review action. All castings shipped and in
process since the last acceptable tensile test of a casting shall be
reviewed for dispositlon.

4.6.2.3 All retest tensile specimens shall be located to represent as nearly as
possible the quality of the metal rf the original test. Isolated gas
holes or foreign material that are discernablE, by production radiography
may be avoided.

"PREPARATION FOR DELIVERY:

5.1 IdentificaLion: Shall be in accordance with AMS 2804. Each casting shall
Fe-identified-by an individual serial number to relate processing of the
part with the inspection results for traceability.

5o1.1 Each casting shall be identified by legible raised figures with part
number, foundry identification, and serial number in the area indicated on
the engineering drawing. The serial number shall be used only once to
provide traceability to the processing of a particular part.

5.1.2 Each castin9 accepted by radiographic inspection shall be ink stariped in
accordance witi MIL-STD-00453.

5.1.3 Each casting accepted by penetrant inspection s:hall be ink stamped in
accordance with MIL-I-6866.

5.1.4 Intecrally-attached coupons shall be identified by a vibroetched serial
number corresponding with the castings serial number and letter "A" or "B"
to indicate the relative size of DAS.

5.1.5 Castings and the accompanying reports shall identify the heat treatment
and melt analysis of each casting through the serial number.

"5.1.6 When impregnation is specified or permitted by purchaser, castings shall
be marked "IMP".

5.2 Packaging:

5.2 Castings shall be prepared for shipment in accordance with commercial
practice and in compliance with applicable rules and regulations
cpertaining to the handling, packaging, and transportation of the castings
to ensure carrier acceptance and safe delivery. Packaging shall confor,
to carrier rules and regulations applicable to the mode of transportation.
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5.2.2 For direct ULS. Military procurement, packaging shall be in accordance
with MIL-STD-649, Level m or Level C, as specified in the request for
procurement. Comercial packaging as in 5.2.1 will be acceptable if it
meets che requirements of Level C.

6. ACKNOWLEDGMENT: A vendor shall mention this specification number in all
quotations and when acknowledging purchase orders.

7. REJECTIONS: Castings not conforming to this specification or to
modifications authorized by purchaser will be subject to rejection.

8. NOTES:

8.1 Dimensions and properties in inch/pound units and the Fahrenheit
temperatures are primary; dimensions and properties in SI units and the
Celsius temperatures are shown as the approximate equivalents of the primary
un4 ts and are preserted only for information.

8.2 This specification was developed specifically for sand composite molded
castings; however, castings produced by other processes may also be capable
of satisfying these requirements.

8.3 Aircraft structural quality is intended to imply that these castings will
exhibit the integrity and reliability required for primary aircraft
structural applications.

8.4 For direct U.S. Military procurement, 'purchase documents should specify rot
less than the following:

Title, number, and date of this specification
Part number or pattern number of castings desired
Quantity of castings desired
Applicable level of packaging (See 5.2.2)

8.5 Castings meeting the requirements of this specification have been classified
under Federal Standardization Area Symbol "MECA".

Thi c cation ' suncde- he jurisdift'on of AM S Comm'ttee "D"
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FABLE I

Maximum acceptance defects in sluminum alloy castings (maximum permissible
radiograph in accordance with ASTM E155):

Radiograph Designated Other
Defects Reference Areas Areas

Gas holes 1.1 1 2
Gas porosity (round) 1.21 1 3
Gas porosity (elongated) 1.22 1 3
Shrinkage cavity .. l 1 2
Shrinkage porosity or sponge 2.2 1 2
Foreign material (less dense) 3.11 1 2
Foreign material (more dense) 3.1. 1 2
Segregation --- none none
Cracks --- none none
Cold shuts none none
Laps --- none none

NOTES:

(1) Wher: two or more types of deFects are present to an extent equal to or not
significantly better than the acceptance standards for respective defects,
the parts shall be rejected.

(2) When two or more types of defects are present and the predominating defect
is not significantly better than the acceptance standard, the part shall be
considered borderline and shall be reviewed for disposition by the cognizant
engineering personnel.

(3) Gas holes or sand spots and inclusions allowed by this table shall be cause
for rejection when closer than twice their maximum dimension to an edge or
extremity of a casting.
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APPENDIX K
PHASE III, RECOMMENDED CHANGES TO

AMS 4242 (B201)
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RECOMMENDED CHANCES TO AMS 4242 SPECIFICATION

The following changes to the indicated sections of AMS 4241

specification for aluminum casting alloy B201.0 are recommended. All

sections not shown below shall remain per AMS 4242.

3. TECHNICAL REQUIREMENTS:

3.5 Heat Treatment: Castings and integrally-attached test coupons

shall be hot isostatically pressed (HIP) as specified in 3.5.3 and shall

be solucion and precipitation heat treated in accordance with MIL-H-6088

except as specified in 3.5.1 and 3.5.2.

3.5.3 Hot Isostatic Pressing: All castings and integrally-attached

coupons shall be HIPed prior to heat treatment. A step treatment of 910

to 930'F (490 to 500'C) for not less than two hours then rised to 940

to 960'F (505 to 515'C) at a pressure of 15,000 psi for AWL less thin

three hours is recommended.
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C A A The Engireer-ing AMS 4242
Resource For AEROSPACE

Advancing Mobility. MATERIAL
400 Commonwealth Dr, Warrendale, PA 15096 SPECIFICATION Issued 7-1 -86

Submitted for recognition as an American National Standard

ALUMINUM ALLOY CASTINGS, SAND COMPOSITE
4.7Cu - O,6OAg - O.35Mn - 0.25Mg - O.25Ti (B201.C-T7)

Solution Heat Treated and Overaged
Aircraft Structural Quality UNS A02010

1. SCOPE:

1.1 Form: This specification covers an aluminum alloy in the form of sand

composite molded castings,

1.2 Application: Primarily for structural aircraft components.

1.3 Alloy B201.0 has restricted composition within the limitz of alloy A201.0.

2. APPLICABLE DOCUM¶ENTS: The following publications form a part of this
specification to the extent specified herein. The latest issue of Aerospace
Material Specifications shall apply. The applicable issue of other documents
shall be as specified in AMS 2350.

2.1 SAE Publications: Available from SAE, 400 Commonwealth Drive, Warrendale,
P--K- :15096.

2.1.1 Aerospace Material Specifications:

AVS 2350 - Standards and Test Methods
ANIS 2360 - Room Temperature Tensile Properties of Castings
AMS 2804 - Identification, Castings

2.2 ASTM Publications: Available from American Society for Testing and
Materials, 1916 Race Street, Philadelphia, PA 19103.

ASTM B557 - Tension Testing Wrought and Cast Aluminum- and Miagnesium-
Alloy Products

ASTN E18 - Rockwell Hardness and Rockwell Superficial Hardness of
Metallic Materials

ASTHI E34 - Chemical Analysis of Aluminum and Aluminum Alloys

SAE Technical Board Rules provide that "This report is published by SAE to advance the state of technical and
engineering sciences The use of this report is entirely voluntary, and its applicability and suitability for any particular
use, including any patent infingement arising therefrom, is the sole responsibility of the user."

AMS documents are protected under United States and international copyright laws. Reproduction of these documents
by any means is strictly prohibited without the written consent of the publisher.

Copyright 1986 Society of Automotive Engineers, Inc. Printed in U S A
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2.2 (Continued):

AST11 E155 - Reference Radiographs for Inspection of Aluminum and
Magnesium Castings

ASTM G44 - Alternate Immersion Stress Corrosion Testing in 3.5% Sodium
Chloride Solution

2.3 U.S. Government Publications: Available from Commanding Officer, Naval
ubulications and Forms Center, 5801 Tabor Avenue, Philadelphia, PA 19120.

2.3.1 Military Specifications:

MIL-H-6088 - Heat Treatment of Aluminum Alloys
MIL-I-6866 - Inspection, Penetrant Method of
MIL-I-25135 - Inspection Materials, Penetrant

2.3.2 Military Standards:

MIL-STD-410 - Nondestructive Testing Personnel Qualification and
Certification (Eddy Current, Liquid Penetrant, Magnetic
Particle, Radiographic and Ultrasonic)

MIL-STD-00453 - Inspection, Radiographic
MIL-STD-649 - Aluminum and Magnesium Products, Preparation for

Shipment and Storage
MIL-STD-1537 Electrical Conductivity Test for Measurement of Heat

Treatment of Aluminum Alloys, Eddy Current Method

2.4 AIA Publications: Available from National Standards Association, Inc., 1321

4th Street, N.W., Washington, DC 20005.

NAS 823 - Cast Surface Comparison Standard

3. TECHNICAL REQUIREMENTS:

3.1 Composition: Shall conform to the following percentages by weight,
determined by wet chemical methods in accordance with ASTH E34 or by
spectrographic or other analytical methods approved by purchaser:

min max

Copper 4.5 - 5.0
Silver 0.40 - 0.8
Manganese 0,2C. -, C.C
Miagnesium 0.20 - 0.30
Titanium 0.15 - 0.35
Iron -- 0.05
Silicon -- 0.05
Other Impurities, each -- 0.05
Other Impurities, total -- 0.15
Aluminum remainder

3.2 Condition: Solution and precipitation heat treated (overaged).
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3.3 Casting: Castings shall be produced from metal conforming to 3.1.

_" -t shall be a single homogenous batch of molten metal on which all
processing has been completed and the temperature has been adjusted ready
for pouring castings.

3.3.2 A lot shall be aHl castings poured from a single melt in not more than
eight consecutive hours and solution and precipitation heat treated in the
same heat treat batch.

3.4 Test Specimens:

-..4. Chemical Analysis Specimens: Shall be cast from each melt.

3.4.2 Integrally-Attached CouDons: Each casting shall have at least two
_integrally-attached coupons. One coupon shall be left attached and used

only in the event that reheat treatment is necessary.

3.5 Heat Treatment: Castings and integrally-attached test coupons shall be
solution and precipitation heat treated in accordance with MIL-H-6088 except
as specified in 3.5.1 and 3.5.2.

3.5.1 All castings and integrally-attached coupons shall be solution heat
treated and overaged in such a manner as to ensure conformance to the
requirements of 3.6. A step solution treatment of 945° - 965°F
(505° - 520"C) for not less than 2 hr then raised to 9700 - 990°F
(520" - 530'C) for not less than 14 hr is recommended. Precipitation heat
treatinent at 3650 - 375F (185° - 190C) for not less than 5 hr is
required.

3.5.2 The integrally-attached coupons shall remain attached to the casting until
removed by a test facility approved by purchaser.

3.6 Properties: Castings and integrally-attached test coupons shall conform to
-te following requirements:

3.6.] Tensile Properties: Shall be as follows, determined in accordance with

SASTM B557 and shall be used as basis for acceptance of castings:

3.6.1.1 Integrally-Attached Coupons:

Tensile Strength, min 62,000 psi (425 MPa)
Yield Strength at 0.2? Offset, min 55,000 psi (38C Llpa)
Elongation in 40, min 5t

3.6.1.2 secimens Cut from Castings: lensile properties of specimens cut from a

casting or castings shall be as follows:

3.6.1.2.1 Designated Casting Areas:

Tensile Strength, min 60,000 psi (415 ' Pa)
Yield Strength at 0.2% Offset, min 50,000 psi (345 MPa)
Elongation in 40, min (See 3.6.1.2.4) 3%

491



S AMS 4242 Page 4

3.9-1.2.2 Casting Areas Other Than Designated Areas:

Tensile Strength, min 56,000 psi (385 MPa)
Yield Strength at 0.2% Offset, min 48,000 psi (330 MPa)
Elongation in 40, min (See 3.6.1.2.4) 2%

3.6.1.2.3 When properties other than those of 3.6.1.2.1 or 3.6.1.2.2 are
required, tensile specimens taken from locations indicated on the
drawing, from a casting or castings chosen at random to represent the
lot, shall have the properties indicated on the drawing for such
specimens. Property requirements may be designated in accordance with
AMS 2360.

3.6.1.2.4 Excised specimens shall be proportional to the standard round or sheet
type specimens defined in ASTM B557. For sheet type specimens,
elongatiun shall be measured based on 4.5 *.Jcross-sectional area.

3.6.2 Hardness of Castings: Should be not lower than 70 HRB, determined in
accordance with ASTM E18, but castings shall not be rejected on the basis
of hardness if the tensile property requirements of 3.6.1.2 are met.

3.6.3 Electrical Conductivity: Casting shall exhibit a minimum electrical
conductivity of 31% IACS, determined by the procedure of M4IL-STD-1537.

3.6.4 Stress-Corrosion Resistance: A specimen as in 4.3.5, cut from the
e-signat'ed area of the casting or from an attached coupon shall show no

evidence of stress-corrosion cracking when tested for 30 days in
accordance with ASTN G44 at a stress of 37,500 psi (260 MPa).

3.7 Oual ty:

3.7.1 Castings, as received by purchaser, shall be uniform in quality and
condition, sound, and free from foreign materials and from imperfections
detrimental to usage of the castings.

3.7.1.1 Castings shall have a surface finish in accordance with engineering
drawing and NAS 823 and shall be well cleaned.

3.7.2 Castings shall be produced under foundry control. This control shall
consist of preproduction examination of castings until proper foundry
technique aAd controls are established which will produce castings that
will meet thp drdwing quality and dimensional requirements.

3.7.3 Radiographic inspection of each casting shall be performed in accordance
with MIL-STO-00453. In addition, Type I radiographic film shall be used,
and a maximum unsharpness value of 0.003 in. (0.08 mm) and flaw
sensitivity of 1% shall be maintained. ASTM E155 shall be used to define
radiographic acceptance standards in accordance with Table I.

3.7.4 Each casting shall be subjected to fluorescent penetrant inspection in
accordance with MIL-I-6866.
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2. 7..l The fluorescent penetrant shall have a sensitivity level equivalent to
V cf MIL-I-25135.

3.7.4.2 Personnel conducting the testing shall be qualified and certified in

accoroance with MIL-STD-410.

3.7.4.3 Linear indications, cold shuts, cracks, and seams are not acceptable.

3.7.4.4 Surface porosity shall be cause for rejection if the individual pores
are closer than twice their maximum dimension to an edge or extremity of
the casting or the pores form a linear indication; i.e., three or more
are in a line and the distance between each indication is less than
twice '.he naximum dimension of either adjacent indication.

3.7.4.5 Any indiiidual indication which is five times longer than it is wide
shall be considered a linear indication and is not acceptable.

3.7.5 Castings shill not be repaired by peening, plugging, welding, or other
methods, except as defined in 3.7.5.1.

3.7.5.1 Defects in non..critical areas of the casting may be removed and the
castings repaired by welding in accordance with AMS 2694. The vendor's
weld procedures shall have prior approval by purchaser.

3.7.E Castings shall not be impregnated, chemically treated, or coated to
prevent leakage, unless specified or allowed by written permission of
purchaser, designating the method to be used.

4. QUALITY ASSURANCE PROVISIONS:

4.1 Responsibility for Inspection: The vendor of castings shall be responsible
for obtaining all required tests at purchaser's approved facil'ities.
Removal and testing of tensile spec-imens from castings in accordance with
3.6.1.2 shail be performed at a facility that is approved by purchaser and
foundry and independent of the foundry. Results of such tests shall be
reported to the purchaser as required by 4.5. Purchaser reserves the right
to sample and to perform any confirmatory testing deemed necessary to ensure
that the castings conform to the requirements of this specification.

4.? Classification of Tests:

4.2.1 Acceptance rests: Tests to determine conformance to requirements for
..3mpos;zYon ,,), te-isile properties of integrally-attachec ccuporns
(3.6.1.1), tensile properties of specimens cut from castings (3.E.1.2),
electrical conductivity (3.6.3) and quality (3.7) are cldssified as
acceptance tests and shall be performed on each casting, melt, or lot as
applicable.

4.2.2 Periodic Tests: Tests to deteimine conformance to requirements for
Sa-rdness (3.6.2) and stress-corrosion resistance (3.6.4) are classified as
periodic tests and shall be performed at a frequency selected by the
vendor unless frequency cf testing is specified by purchaser.
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4.2.3 Preproduction Tests: Tests to determine conformance to all technical
requirements o thins specification are classified as preproduction tests
and shall be performed prior to or on the first-article shipment of a
casting to a purchaser, when a change in material, processing, or both
requires reapproval as in 4.4.2, and when purchaser deems confirmatory
testing to be required.

4.2.3.1 For direct U.S. Military procurement, substantiating test data and, when
requested, preproduction test material shall be submitted to the
"cognizant agency as directed by the procuring activity, the contracting
officer, or the request for procurement.

4.3 Sampling: Shall be in accordance with the following:..

4.3.1 For Acceptance Tests:

4.3.1.1 One chemical analysis specimen in accordance with 3.4.1 from each melt.

4.3.1.2 The destructive testing of castings for the evaluation of excised
tensile specimen shall occur at the following frequency:

4.3.1.2.1 First 30 Castings Received: One casting from eachO1 production
castings shall be selected for destructive testing in accordance with
the requirements of 3.6.1.2.

4.3.1.2.2 Castings Received Thereafter: If no failure occurs in 4.3.1.2.1, one
Fcasting Tf-rom each 25 production castings consecutively received
thereafter shall be tested. If a failure occurs, the test frequency
reverts to one from e4ch 10 production castings from the next 30
castings received.

4.3.1.2.3 Excised tensile specimens shall be either subsize specimens
proportional to the standard round or standard sheet type specimens
defined in ASTM B557.

4.3.1.3 The tensile properties of an integrally-attached coupon from each
casting shall be determined.

4.3.1.4 Each casting shall be radiographically and fluorescent penetrant
inspected.

4.3.1.5 The electrical conductivity of an integrally-attached coupon of each
casting shall be determined.

4.2.2 For Periodic Tests and Prerroduction Tests: As agreed upon by purchaser
and vendor and the following:

4.3.2.1 Specimens for stress-corrosion tests shall be round specimens, not less
than 0.250 in. (6.25 mm) in diameter in the reduced section. Whenever
practicable, specimens shall be taken from the designated areas of the
casting as shown on the engineering d.'awing. Specimens from
integrally-attached coupons are acceptable if size of the casting does

not Deroit excision of 0.250 in. (6.25 mm) diameter specimen.
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44.4 Sample castings from new or reworked patterns shall be approved by
purchaser before castings for production use are supplied unless such
approval be waived by purchaser.

4.4.1.1 Two preproduction castings of each part number shall be furnished to the
purchaser. One casting shall have been dimensionally inspected by the
vendor and the results shall be forwarded with the casting for
approval. The second casting shall be for metallurgical evaluation.
All vendor test results obtained to substantiate the metallurgical
quality of the casting shall be included.

4.4.2 Vendor shall document the parameters for the process control factors which
will produce acceptable castings; these shall constitute the approved
casting procedure and shall be used for producing production castings. If
necessary to make eny change in parameters for the process control
factors, vendor shall submit for reapproval a statement of the proposed
changes in material, processing, or both and, when requested, test
specimens, sample castings, or both. Production castings incorporating
the revised operations shall not be shipped prior to receipt of written
reapproval.

4.4.2.1 Control factors for producing castings include, but are not limited to,

the following:

Melting practice regarding control of:

Chemi s try
Gas content
Grain size
Melt temperature

M'olding procedure regarding:

rMaterialf and assembly
Gating and risering systems

Heat treatment practice regarding:

Temperature and time parameters
Load censity
Cuenching procedý,re

Shop traveler describing the sequence of proce-eing, inspection, and
testing.

4.4.2.1.1 Any of the ah.•ve process ccntrol factors for which parameters are
considered proprietary by the vendor may be assigned a code
designation. Each variation in such parameters shall be assigned a
modified coue designation.
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4.5 Repor.ts:

4.5.1 The vendor of castinis shall furnish with each shipment a report showing
the results of tests Dr chemica-l composition of each mel-t, tensile
properties of attached :3pecimens representing each casting and specimens
cut from casting, if ai.lplicable, and penetrant and radiographic inspection
of each casting by serial number. This report shall include the purchase
order number, AMS 4242, lot iumber, pa, i number, and quantity.

4.5.2 The vendor of finishs,: :r semi-finished parts shall furrish with each
shipment a report showing the purchase order number, AM.: 4242, contractor
or other direct supplier of castings, part number, and quantity. When
castings for making parts are produced or purchased by t'ýý,o parts vendor,
that vendor shall inspect each lot of castings to determine conformance to
the requirements of this specification and shall include in the report
either a statement that the a.;tings conform or copies of laboratory
reports showing tV'L results ou tests to determine conformance.

4.6 Resampling and Retesting:

4.6.1 Attached Coupc!v,

4f.C.1 Ret, :ting of the intecp-ally-attched coupon Ir permitted when an
isolated flaw is eviHeeit on the fracture fac: J the broken tensile
specimen.

4.5.1.2 Testing is req!Jired of i integrally-ettached coupon avter reheat
treatment. The replacement specimen shall be taken from the second
coupon which has rcrniined *ntegrally attached to the casting through the
reheat treat process.

4.6.2 Tensile Specimens Excised From Castiri:

4.6.2.1 Replacement of tensile specimens shall be allowed in accordance with
ASTM B557 for poor machining, incorrect test procedure, malfunction of
test equipment, or fracture location.

4.6.2.2 Retesting of a ter 'ile specimen excis,.:! from tlhe castings is permitted
only when the fraczure face indicates 4r; iý;olated gas hole or piece of
foreign material. Retesting shall be perm-.tted ýy testing two adjacent
specimens. Should it not be possible to ottain adjacent specimens, or
if a replacement specimen also fails, two additical castings shall be
tested. Failure of a tensile specimen in a secon(I casting shall be
cause to consider the lot of castings suspeit and the purchaser
contacted for material review action. All casting; shipped and in
process since the last acceptable tensile tEst of i casting shall be
reviewed for disposition.

4.6.2.3 All retest tensile specimens shall be located to re)resent as nearly as
possible the quality of the metal of the urisiinal tst. Isolated flaws
that are discernable by production radiograpfiy may be avoided.
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S. "ErAPATION FOR DELIVERY:

:'. cantification: Shall be in accordance with AMS 2804.

5.1.1 Each casting shall be identified by legible raised figures with part
number, foundry identification, and serial number in the area indicated on
the engineering drawing. The serial number shall be used only once to
provide traceability to the processing of a particular part.

5.1.2 Each casting accepted by radiographic inspection shall be ink stamped in
accordance with MIL-STD-00453.

5.1.3 Each casting accepted by penetrant inspection shall be ink stamped in
accordance with MIL-I-6866.

5.1.4 Integrally-attached coupons or prolongations shall be identified by a
vibroetched serial number corresponding with the castinig serial number.

5.1.5 Castings and the accompanying reports shall identify the heat treat batch
and melt number to the individual casting through the serial number.

5.1.6 When impregnation is specified or permitted by purchaser, castings shall
be marked "IMP" by ink stamp.

5.2 _Packaqing:

5.2.1 Castings shall be prepared for shipment in accordance with commercial
practice and in compliance with applicable rules and regulations
pertaining to the handling, packaging, and transportation of the castings
to ensure carrier acceptance and safe delivery.. Packaging shall conform
to carrier rules and regulations applicable to the mode of transportation.

5.2.2 For direct U.S. Military procurement, packaging shll be in accordance
with MIL-STD-649, Level A or Level C, as specified in the request for
procurement. Commercial packaging as in 5.2.1 will be acceptable if it
meets the requirements of Level C.

6. ACKNOWLEDGMENT: A vendor shall mention this specification number in all
quotations and when acknowledging purchase orders.

7. RLJECTIONS: Castings not conforming to this specification or to
modifications authorized by purchaser will be subject to rejection.

E -. N' T S

8.1 Dimensions and properties in inch/pound units and the Fahrenheit
temperatures are pri;iary; dimensions and properties in SI units and the
Celsius temperatures are shown as the approximate equivalents of the primary
units and are presented only for information.

8.2 Porosity on the surface of the stress-corrosion specimen may accelerate
corrosion due to entrapment of the saline solution and result in premature
failure.

4 ____
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8.3 Aircraft structural quality is intended to imply that these castings will
exhibit the integrity and reliability required of primary aircraft
structural applications.

8.4 This specification was developed specifically for sand composite molded
castings however castings produced by other processes may also be capable of
satisfying these requirements.

8.5 For direct U.S. Military procurement, purchase documents should specify not
less than the following:

Title, number, and date of this specification
Part number or pattern number of castings desired
Quantity of castings desired
Applicable level of packaging (See 5.2.2)

8.6 Castings meeting the requirements of this specification have been classified
under Federal Standardization Area Symbol "MECA".

This spes 'ic.t~on -' 'Jnde- the oJr sd4 ct~on of 4MS Thrmmittee "D".
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TABLE I

Mal-.urn acceptance defects in aluminum alloy castings (maximum permissible
radiograph in accordance with ASTM E155)

Rddiograph Designated Other
Defects R2ferenze Areas Areas

Gas holes 1.1 1 2
Gas porosity (round) 1.21 1 3
Gas porosity (elongated) 1.22 1 3
Shrinkage cavity 2.1 1 2
Shr'nkage porosity or sponge 2.2 1 2
Foreign material (less dense) 3.11 1 2
Foreign material (more dense) 3.12 1 2
Segregation ,.. none none
Cracks ... none none
Cold shuts ... none none
Laps ,.. none none

NOTES:

(1) When two or more types of defects are present to an extent equal to or not
significantly better than the acceptance standard& for respective defects,
the parts shall be rejected.

(2) When two or more types of defects are present and the predominating defect
is not significantly better than the acceptance standard, the part shall be
considered borderline and shall be reviewed for disposition by the cognizant
engineering personnil.

(3) Gas holes or ;and spots and inclusions allowed by this table shall he cause
for rejection when closer than twice their maximum dimension to an edge or
extremity of a casting.

499



APPENDIX L
PHASE I, TASK 3

HYDROGEN CONTENT AND EQUIVALENT
INITIAL FLAW SIZE OF GAS POROSITY

FATIGUE SPECIMENS
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TABLE L- 1. HYDROGEN CONTENT AND EQUIVALENT INITIAL
FLAW SIZE OF THE PHASE I, TASK 3 STRESS-LIFE
FATIGUE SPECIMENS (Kt = 1.0)

CYCLES BULK (1)
STRESS TO HYDROGEN EIFS

GRADE (KSI) FAILURE (PPM) (INCH)

A/B 30 1,384,680 0.062 0.0076
40 132,188 0.035 0.0124

B 20 773,529 0.171 0.0328
20 580,111 0.184 0.0373
20 547,523 0.128 0.0383
25 215,005 0.201 0.0348
25 140,902 0.134 0.0418
30 507,830 0.107 0.0138
30 224,487 0.125 0.0215
30 101,852 0.164 0.0318
40 75,492 0.075 0.0170
40 86,647 0.120 0.0158
40 15,835 0.177 0.0369
45 84,384 0.105 0.0111
45 9,458 0.144 0.0349

C 20 285,991 0.304 0.0500
20 272,006 0.510 0.0507
25 111,408 0.314 0.0460
25 138,985 0.520 0.420
30 65,456 0.310 0.0387
30 55,829 0.397 0.0414
35 23,419 0.396 0.0419
35 23,754 0.425 0.0417
40 16,344 0.255 0.0364
40 15,618 0.260 0.0371

D 20 171,492 0.370 0.0599
20 325,308 0.279 0.0474
25 103,377 0.291 0.0469
25 73,884 0.449 0.0537
30 31,957 0.416 00516
30 33,188 0.358 0.0508
35 15,002 0.195 0.0505
35 1,253 0.240 0.1055

(1) Average of 2 Results -- Data Obtained by Wright Laboratory Using
DADTAC Contract Fatigue Specimens
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